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ABSTRACT 
 
This work covers the evolutionary history of an indigenous population from the Americas 
through the lens of ancient DNA. In recent years, major advances in DNA sequencing have 
allowed for the utilization of ancient DNA on a grand scale. We now have the ability to examine 
the whole genomes of ancient individuals and examine the forces of evolution though space and 
time. Through these advances, this project addresses questions that would have otherwise been 
difficult to address with modern DNA alone. These questions span a period of 10,000 years and 
broach both local and continental demographic histories. In doing so, a comprehensive genetic 
picture of an indigenous population, with a history characteristic of other native groups, emerges 
so as to explain nuanced migration patterns, the historical experiences of Native Americans with 
European-borne pathogens, and the long-lasting genomic effects of European contact. This work 
was made possible through the collaborative efforts of Northwest Coast First Nations. 
 
The first topic presented here focuses on the highly debated processes behind the initial peopling 
of the Americas and, more specifically, the Northwest Coast. Over the past decades, this region 
has received a great deal of a attention due to the Northwest Coast’s proximity to Beringia and 
its prime location with respect to the coastal migration model, which holds that the first 
migration wave into the Americas occurred along the Pacific coast. Recent research, utilizing 
genome-wide data of both ancient and modern native individuals, has pointed to a primary 
migration that extends an ancestral lineage to most indigenous groups living today. Previous 
research, however, utilizing paternal and maternal genetic lineages, have found distributions of 
genetic markers that are difficult to reconcile into a single migration event.  
 
To address this discrepancy, the genomes of three ancient individuals from the Northwest Coast, 
ranging in age from 10,000 to 1,500 years Before Present (BP), were sequenced and compared to 
previously described ancient individuals from the Americas. The results suggest that the 
Northwest Coast was populated by two sources, which may represent two separate migrations 
into the region. I present analyses suggesting that the first source was part of a primary migration 
that led to the peopling of both continents. The second source may have been a result of a 
migration that occurred during the Holocene, which further diversified the gene pool and directly 
links to the current indigenous populations of the Northwest Coast. This analysis reconciles 
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modern distributions of genetic markers, which are missing from North America but are 
prevalent on the southern continent. These markers, which are evident in the most ancient 
individuals of the region, are gradually replaced through time, which may be indicative of 
additional gene flow that entered the area after the primary migration wave made its way 
southward.  
 
The next period of inquiry moves forward to the era of European colonization and addresses its 
consequences on the indigenous populations of the Americas. A common notion holds that 
Native Americans were especially susceptible to European borne pathogens at the time of first 
contact. This has generated a variety of theories from a variety of fields to explain this 
epidemiological pattern. The most fundamental of these is immunological naiveté, which posits 
that Native Americans were more susceptible to these diseases simply because they had never 
encountered them. Others have tried to find a genetic component by exploring the diversity of 
immune markers in extant indigenous populations. These hypotheses, however, either fail to 
articulate the exact genetic mechanism or fail to incorporate the genetic diversity of indigenous 
peoples before the massive population declines associated with European contact. In order to 
address these issues, I examined the genomes of a Northwest Coast First Nation from two 
different time frames: before and after European contact. This population, from present day 
British Columbia, suffered extensive population declines in the mid-Nineteenth Century, mainly 
due to smallpox epidemics. By comparing the DNA sequences (covering all coding regions) of 
the contemporary individuals to that of their ancestors, I was able to examine the pre-existing 
genetic diversity and scan the ancient and living individuals for signals of natural selection. My 
initial hypothesis held that the ancient individuals would exhibit signs of adaptations to the 
ancient environments of the Americas, which occurred over several thousand years before the era 
of European colonization. Remarkably, the gene that showed the strongest signal for selection 
was indeed an immune gene (HLA-DQA1), which is involved in the detection of pathogens and 
in launching targeted immune responses. Furthermore, components of the ancient version of the 
gene are now in very low frequency in the living members of this population. This pattern 
suggests the occurrence of two selection events: the first in ancient times, respective to the 
ancient environment, followed by the second event occurring after European contact, which 
favored the present version of the gene.  
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These findings are consistent with the hypothesis that the ancient population was adapted to a 
distinct and local epidemiological prehistory. European-borne pathogens like smallpox may have 
been able to take advantage of this ancient immune configuration, thus leading to increased 
virulence. My research suggests that the full explanation for Native American disease 
susceptibility appears to involve local adaptations to distinct and ancient immunological 
scenarios. These adaptations may have been advantageous in the ancient environment but proved 
deleterious once the environment was radically changed upon the onset of European contact.   
 
The final period of indigenous evolutionary history explored here extends into modern times. 
From a general perspective, the genomic patterns of a population are molded by a variety of 
evolutionary factors, ranging from demographic to cultural. The indigenous peoples of the 
Americas have a particularly nuanced evolutionary history—involving founder effects, 
migrations, severe bottlenecks, and gene flow with non-native populations. While all of these 
events lend to the shaping of genomic patterns, theoretical expectations suggests that the severe 
population decline suffered after European contact will have left an equally severe deleterious 
mark on the indigenous populations of the Americas. This expectation is mainly based on the 
loss of genetic diversity, which would increase the appearance of genomic features that could 
prove harmful in terms of both disease and the ability to adapt. Upon comparing the genomic 
patterns of the ancient and contemporary individuals from a Northwest Coast First Nation, 
however, I found a resilience that belayed expectations. I show that in less than 7 generations 
since the bottleneck due to European-borne epidemics in the 19th Century, the contemporary 
population’s genetic pool shows reduced levels of rare variants, lower homozygosity, and lower 
overall potentially damaging variants with respect to the ancient individuals. This can be 
explained by gene flow from non-native populations, which has increased genetic diversity and 
broken-up potentially damaging stretches of homozygous regions. This demographic process has 
mitigated, in a rapid fashion, the predicted deleterious effects of the population declines suffered 
after European contact. This feature not only demonstrates the resilience of Native Americans 
but also, in a broader sense, the beneficial effects of gene flow between populations as cultural 
and political boundaries begin to fade in the modern age of globalization. 
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CHAPTER 1 
 
INTRODUCTION 
 
The evolutionary history of the indigenous peoples of the Americas is both ancient and multi-
dimensional. The demographic events and processes within this history have shaped the genomes 
of indigenous groups on both continents. Over a period of approximately 15,000 years, 
indigenous peoples established civilizations throughout the Americas and inhabited every type of 
ecological zone (Thornton, 1998; Ramenofsky, 2003; Mulligan et al., 2004). During this time, 
indegenious peoples adapted culturally and perhaps genetically to the diverse environments of 
the Americas. The onset of European colonization, however, radically altered these environments. 
After thousands of years of relative isolation from peoples of other continents, populations from 
two hemispheres rapidly merged in a matter of decades. The merging not only introduced 
different cultures and technologies, but also an overwhelming load of pathogens (Roberts, 1989; 
Dobyns, 1993; Mancall and Merrell, 2000). European colonization left indigenous civilizations 
in disarray, with many suffering death or assimilation by non-native settlers (Thornton, 1987; 
Thornton, 1997). The resilience of indigenous peoples, however, has allowed them to adapt and 
survive in radically different environments than those encountered by their ancestors.  
 
This dissertation aims to examine the evolutionary history of indigenous populations of the 
Americas with a specific focus on a First Nation from the Pacific Northwest Coast. The genomic 
patterns of these individuals tell the story of their unique history, including demographic events 
characteristic of other indigenous populations. These events include the original peopling of the 
Americas, the ecological disruption after European contact, and the resilient adaptations into 
modern times (Thornton, 1987; Thornton, 1998; Ramenofsky, 2003). By examining these events 
in a systematic manner, with the aid of ancient DNA sequencing, I reveal how the genomic 
patterns of a human population change through space and time in response to both environmental 
and demographic changes. These changes are not only important to understand from an 
indigenous perspective, in terms of their impact, but also have global implications. The events 
that shaped the genomes of modern worldwide populations can best be understood by examining 
how these patterns have changed through time and the potential consequences of these changes. 
Understanding these global genomic patterns can also elucidate the future in an age of 
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globalization, where the boundaries between human populations are diminishing and their 
connectivity is ever increasing due to gene flow (Smith et al., 2007; McMichael, 2013). 
 
In recent decades, a distinction has developed between scientific research conducted on Native 
Americans and mutually beneficial partnerships between scientists and indigenous groups. The 
latter represents not only the most appropriate method for conducting research, with any human 
group, but also the most effective because of its dynamic relationship between researchers and 
participants. In order to comprehend the evolutionary history of any population, the foundation 
must first come through the fundamental understanding of the community. Not only should 
collaborations involving indigenous groups benefit the participants but they should also shape it. 
Asking scientific questions of humans devoid of any ethical or community concerns will yield 
research that is incomplete and lacking in any basic understanding of the participants involved. 
Any question that is asked without this understanding, regardless of the objective and method, 
will yield an outcome overwhelmed by the scientist’s own cultural perspectives (McInnes, 2011).  
 
The history of research on Native Americans is not a pleasant one, hindered by ethical and moral 
misuse, with accompanying negative impacts for the communities involved (Schroeder et al., 
2006). A disconcerting trend in previous years involved dissemination of data without the 
consent of the indigenous participants and without respect or understanding of local traditions 
(Macaulay, 1994; Hodge et al., 2000). These research outcomes are not only marred by 
culturally-centric interpretations but also parallel the government’s paternalistic and pernicious 
treatment of indigenous communities in both Canada and the United States.  
 
The historical government-based treatment of the indigenous peoples in North America is riddled 
with disturbing factors stemming from self-interested regulations and relocation programs. These 
legal actions have impacted communities in extremely negative ways, including tribal 
disbandment and the prohibition of ancient cultures and languages (Caldwell, 2005). Critical 
issues still face modern indigenous communities as an impact of previous and current political 
agendas that effects their culture, economy, and health. Despite these issues, however, many 
communities demonstrate resilience through both cultural and spiritual resurgence (Caldwell, 
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2005). This resurgence is reflected in the actions of many groups to assume active roles in 
scientific research agendas (Schroeder et al., 2006).  
 
The work presented here is made possible through an ongoing partnership with Northwest Coast 
First Nations. This partnership was established by my thesis advisor, Ripan Malhi, in 2009, 
where annual visits to the communities and constant communication with tribal representatives 
allows for not only active participation but also guidance and shaping of the research itself. The 
project proposals that have led to this dissertation were presented to the community in 2010 and 
proceeded only with their expressed consent. All facets of the research described here were 
evaluated and approved by tribal representatives before publication. Through this active 
collaboration, I present three chapters reflecting three critical periods in the evolutionary history 
of these communities.  
 
The first period is examined in Chapter 2 and concerns the initial peopling of the northwest coast 
of North America, on both the local and broader continental levels. Despite a plethora of 
research spanning several decades, the specifics of how and when the Americas were first 
populated remains a debated issue. In recent years, however, major advances in DNA sequencing, 
and its application to ancient DNA research, has allowed for an unprecedented amount of 
genome-wide data from both contemporary and ancient individuals from the Americas. This	  
work has revealed many different pieces of demographic puzzles with greater resolution, some of 
which have unified previous genetic, linguistic, and archaeological hypotheses (Greenberg et al., 
1986; Mulligan et al., 2004; Pitblado, 2011; Reich et al., 2012; Gravel et al., 2013; Rasmussen et 
al., 2014).  
 
The Northwest Coast of North America is an intriguing region for ancient genomic studies 
because it lies in the path of a migration route from Beringia hypothesized to have occurred 
along the Pacific coast. This migration route may have been utilized by a settlement wave, which 
left its genetic signature on indigenous groups living on both continents today (Bodner et al., 
2012; Reich et al., 2012).  
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While the South American continent shows evidence of a single and rapid migration wave, the 
North American continent exhibits possible gene flow from multiple population movements 
(Tamm et al., 2007; Reich et al., 2012; Raghavan et al., 2014). In fact, populations residing in the 
artic regions may be the descendants of a much younger wave from Asia, dating back to 
approximately 6,000 years, with a subsequent wave less than 1,000 years ago (Raghavan et al., 
2014). Other demographic events that may have occurred further south into the interior, however, 
are still poorly understood from a genomic perspective.  
 
I present the low coverage genome sequences of three ancient individuals from the Northwest 
Coast, spanning in age from approximately 10,000 to 1,800 calendar years before present (BP). 
By comparing these individuals to two previously described ancient genomes, the Anzick-1 
(~12,000 calendar years BP, from Montana) (Rasmussen et al., 2014) and 939 (~6,500 calendar 
years BP, from coastal British Columbia (BC)) (Raghavan et al., 2015), I address the issue of the 
first peopling of the region by genetically assessing ancestral relationships through space and 
time. In doing so, I demonstrate a nuanced picture of how the living indigenous population 
relates to the first settlers of the area. The ~10,000 year old sample from Alaska shows a closer 
affinity to Anzick-1 than to the younger ancient individuals from BC, as well as to the current 
indigenous population of the region. This is despite the significant distance from Alaska to 
Montana and the close proximity from Southeast Alaska to the BC coast. This is also 
notwithstanding the fact that both the Alaska and the Anzick-1 samples show the same 
mitochondrial lineage as the ~6,500 year old sample from British Columbia. Since the current 
Northwest Coast population carry a different maternal marker, this suggests that the peoples of 
the Pacific Northwest coast share a lineage from two source populations. The first source may 
stem from a migration into the Americas that may have populated both continents and the second 
from a later expansion into the coastal region.  
 
In Chapter 3, I examine the evolutionary effects of European contact on the indigenous peoples 
of the Americas. From the 15th to 19th Centuries, the influx of non-native populations into the 
Americas resulted in a major ecological shift. The indigenous inhabitants suffered dramatic 
population declines due to warfare, alterations in social structure, and the overwhelming 
introduction of European-borne pathogens (Cook, 1998; Fenn, 2001; Patterson and Runge, 2002). 
	   5	  
The latter component is perhaps best categorized during the early times of colonization, with 
three major European-borne diseases exhibiting the greatest affect—smallpox, tuberculosis, and 
measles—and each exhibiting a differential effect on Native Americans when compared to 
Europeans (Merbs, 1992; Thornton, 1997; Fenn, 2001). These diseases are reported to have 
severely impacted native population mortality, with many tribes suffering a complete collapse 
(Thornton et al., 1991). The Northwest Coast First Nation, despite a relatively late contact period, 
suffered massive epidemics as well. The most severe of which came from smallpox, where 
epidemics in the 19th Century carried an estimated 30% to 70% mortality rate across various 
communities (Boyd, 1990). 
 
If the historical accounts relating to the impact of European-borne disease on the indigenous 
peoples are accurate, mortality rates are significantly higher than those experienced by non-
native populations, with additional factors such as nutrition and population density only partially 
explaining certain cases (Ramenofsky, 2003). The historical epidemiological discrepancies 
between the indigenous peoples of the Americas and European colonizers has prompted an array 
of theories from a variety of fields that propose a heightened vulnerability to European-borne 
pathogens (Bianchine and Russo, 1992; Dobyns, 1993; Patterson and Runge, 2002). Among 
them are biological hypotheses that employ the rudimentary concept that exposure to a pathogen 
will cause genetic resistance to it (Black, 1975; Motulsky, 1989). On these theories, the “naïve” 
status of a population with respect to a particular disease should be sufficient to explain these 
kinds of differences in susceptibility, although the precise genetic mechanisms for these 
differences are typically left unarticulated. Black (Black, 1992) took this line of reasoning one 
step further by suggesting that pre-Columbian Native Americans may have been particularly 
susceptible to disease due to immunological homogeneity, specifically with respect to the genes 
involved in the human leukocyte antigen (HLA) system. This assumption of homogeneity, 
however, was based on a survey of living Native Americans, which represent the surviving 
members of communities that suffered dramatic population declines, thus failing to assess the 
level of diversity that may have existed before European contact.  
 
I test the hypothesis of a genetic component that may have contributed to this disease 
susceptibility with the collaborative efforts of Northwest Coast First Nations. The genetic 
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diversity of the population is explored in two different time frames, before and after European 
contact, via genome-wide sequencing of both ancient and living individuals. The resulting 
sequencing data allowed for non-candidate based scans for genes under the influence of positive 
natural selection. The scans revealed that the ancient individuals were under positive selection 
with respect to a variant of a HLA immune gene (HLA-DQA1), which drops to low frequency in 
the living population. This drop is consistent with pathogen-driven selection affecting the 
frequency of the gene variant between the two time frames. It is also consistent with a scenario 
for local adaption to ancient pathogens, or another component of the environment, which drove 
the variant to high frequency. This version of the gene may have proved incompatible with the 
environment, however, when the environment was altered with the influx of European-borne 
pathogens. Although HLA is also revealed in this study, it is revealed in an evolutionary 
framework and not as a simple case of low genetic diversity, as Black (1992) suggests. This 
work demonstrates the importance in understanding the evolutionary history of the indigenous 
peoples of the Americas with respect to their historical experiences with European-borne 
pathogens.  	  
In Chapter 4, I explore the impact of European contact on the overall genomic patterns of the 
Northwest Coast First Nation and their ancestors. As previously mentioned above, the 
indigenous populations of the Americas suffered extensive population declines after European 
contact. This is the second significant demographic event resulting in a population contraction, 
however, that the indigenous peoples of the Americas may have experienced. The first stems 
from the initial peopling of the Americas, where the associated founder effect carried a subset of 
the genetic diversity that existed in the source populations (Mulligan et al., 2004; Schurr and 
Sherry, 2004; Tamm et al., 2007). These demographic events will have left their mark on the 
patterns of genetic variation in the living indigenous populations. These patterns are, however, 
further complicated by early population expansions and later gene flow from non-native groups, 
post European contact. Although previous studies have explored the genomic diversity of 
contemporary Native American populations (Hunley and Healy, 2011; Reich et al., 2012; Gravel 
et al., 2013), as well as the recent admixture events between native and non-native groups (Wall 
et al., 2011; Moreno-Estrada et al., 2013; Verdu et al., 2014), the effects of colonization have not 
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been examined with the aid of ancient DNA and the exploration of ancient indigenous genetic 
diversity.  
 
The genomic patterns of the Northwest Coast First Nation population, once again examined from 
two different time frames, before and after European contact, reveal several interesting features 
that arose from the earliest and most recent chapters of Native American history. First, the 
genomes of the ancient individuals exhibit evidence of a founder effect followed by an expansion, 
which could be the signature of the initial peopling of the Americas. Second, when the effective 
population size is compared through time, the Northwest Coast populations seem to have entered 
a period of decreased diversity, or even a population decline, before European contact, while 
living individuals show great variation in this regard. Third, the prediction for “deleterious” 
alleles and the potential damaging factors associated with the presence of long stretches of 
homozygous genotypes is increased in the ancient individuals when compared to the living. 
Given the recent population decline due to European contact, this last feature is a surprising one 
since theoretical expectations would expect the living population to exhibit the potentially 
“damaging” excess of homozygosity (Nei et al., 1975; Chakraborty and Nei, 1977). The conflict 
between expectation and observation can be reconciled, however, when taking into account the 
known gene flow between non-native and indigenous groups in the area. This gene flow has 
increased the genetic diversity of the living individuals and thus mitigated, in a rapid fashion, the 
potentially “deleterious” effects predicted with such a dramatic population decline.  
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CHAPTER 2 
 
A LOW COVERAGE GENOME OF AN EARLY HOLOCENE INDIVIDUAL FROM 
ALASKA REVEALS A GENETIC DIVERSIFICATION OF THE NORTHWEST COAST 
INDIGENOUS POPULATIONS  
 
Abstract 
 
Recent genome-wide studies of both ancient and contemporary indigenous peoples of the 
Americas have shed light on the demographic processes involved during the first peopling. The 
Northwest Coast is an especially intriguing focus for these studies due to its association with 
coastal migration models and nuanced genetic ancestral patterns that are difficult to reconcile 
with modern DNA alone. Here we report the low coverage genome of a male recovered from the 
On Your Knees Cave (OYKC) in southeastern Alaska. The human remains date to 9,200±5014C 
years before present (BP), which is approximately 10,300 calendar years BP. We also present the 
genomes of two younger individuals from the coast of British Columbia, dating to 2440±7514C 
and 1820±5514C years BP, which is approximately 2,500 and 1,750 calendar years BP, 
respectively. With the aid of previously described ancient samples, we show that the Northwest 
Coast exhibits genetic continuity for the past ~6,500 years. The OYKC individual, however, 
shares a greater affinity with contemporary individuals from South America than to both ancient 
and contemporary individuals from the Northwest Coast, despite its proximate location. OYKC 
also shares a closer genetic relationship with the previously described Clovis	   associated 
individual, Anzick-1. This pattern suggests that the peopling of this region occurred in a 
minimum of two phases: first, by an expansion that ultimately led to the peopling of the southern 
continent, followed by a secondary source of gene flow that resulted in a genetic diversification 
of the region.  
 
Introduction 
 
The initial peopling of the Northwest Coast has received a great deal of attention due its close 
proximity to Beringia and the associated implications for migrations into the Americas. The 
Coastal Migration hypothesis proposes that the migration into the Americas first occurred via a 
coastal route stemming from Asia, which quickly reached both continents by means of watercraft 
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(Fladmark, 1979; Erlandson et al., 2007; Dixon et al., 2014). Both genetic and archaeological 
evidence supports this theory to a certain extent. Genetic evidence based on mitochondrial 
genomes shows the presence of founding haplogroups predominantly observed on the coast of 
both continents, in ancient and living individuals (Schurr and Sherry, 2004; Fix, 2005; Perego et 
al., 2009; Achilli et al., 2013). One such founding haplogroup is D4h3a, which is primarily 
observed in high frequency in contemporary indigenous populations close in proximity to the 
Pacific Coast (Kemp et al., 2007; Perego et al., 2009). The distribution of the haplogroup 
suggests that the lineage was part of a first migration, which rapidly reached South America. 
Archaeological evidence also supports this theory, as some of the earliest sites on the coasts of 
both continents exhibit material culture geared towards maritime adaptations (Erlandson et al., 
2007; Dillehay et al., 2008; Dixon et al., 2014). If this model is correct, then the Northwest Coast 
was one of the first areas populated by the initial migrants into the Americas. 
 
The peopling of the Northwest Coast may, however, be complicated by later demographic events 
in the region. Studies based on mitochondrial and Y-chromosomal markers, have hypothesized 
that the region likely experienced demic expansions after the initial migrations from Asia (Schurr 
and Sherry, 2004; Dulik et al., 2012). Reich et al. (2012), utilizing genome-wide data, inferred 
ancient gene flow into North America that likely stemmed from subsequent population 
movements long after a primary settlement wave. The study, however, did not consider 
indigenous populations from the Pacific Northwest, leaving the question open as to whether 
multiple source populations are reflected in the genomes of these peoples. 
 
The distribution of the mitochondrial haplogroup D4h3a is also of particular significance for the 
Northwest Coast region. Previous work on ancient individuals from North America revealed an 
interesting spatial distribution of this lineage through space and time. The oldest sampled 
individual to carry the haplogroup, thus far, is the Anzick-1, dating back to ~12,600 calendar 
years BP (Rasmussen et al., 2014). Anzick-1 is associated with Clovis technology and was 
unearthed from present day Montana (Lahren and Bonnichsen, 1974). The Clovis tradition 
describes the cultural remnants of settlements throughout North America, dating back to 13,000 
calendar years BP and geared towards terrestrial game-hunting (Haynes, 1964; Waters and 
Stafford, 2007). The age and distribution of these sites has led some to believe that the peopling 
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of the Americas was spear-headed by Clovis hunters, who traveled southward via the interior of 
the ice free corridor of North America (Fladmark, 1979; Goebel, 1999; Fiedel, 2000). 
 
The maternal lineage is later found on the Prince of Whales Island, Alaska, with an individual 
known as OYKC—an acronym for the “On Your Knees Cave” in which he was found (Kemp et 
al., 2007). OYKC is not associated with Clovis culture but instead with a maritime tradition, 
consistent with a coastal migration model (Dixon et al., 2014). Approximately 300 km southeast 
of the OYKC site is Lucy Island, off the coast of British Columbia. This is the location of 
another individual bearing the lineage, known as 939, which dates back to ~6,500 calendar years 
BP (Cui et al., 2013). 939 is ancestral to the Coast Tsimshian, who currently live in the same 
region and are a traditionally maritime adapted peoples (Cybulski, 2001). This lineage, however, 
disappears from the region (or is found in extremely low frequency) in later ancient and living 
individuals (Cui et al., 2013). The change in mitogenome frequencies suggests gene flow from a 
distinct population into the Northwest Coast, occurring in the early Holocene1, or, to the more 
extreme, a population replacement. On a broader continental context, the sharing of OYKC’s 
founding mitochondrial genome with a Late Pleistocene individual (Bolnick, 2006; Rasmussen et 
al., 2014), found further inland of North America, may suggest a link between early coastal and 
interior populations. 
 
In order to further explore these demographic scenarios, we present genome-wide data from 
OYKC, which dates to approximately 10,300 calendar years BP (Kemp et al., 2007) (Table 1; Fig. 
9). Two additional ancient low coverage genomes from Prince Rupert Harbor (PRH), British 
Columbia (Table 1; Fig. 9), are also analyzed, dating to 1,750 and 2,500 calendar years BP. In 
comparing the genome-wide data of the three ancient individuals with previously described 
ancient genomes from the Americas, we aim to test two hypotheses with regard to the peopling 
of the Northwest Coast. We first test the hypothesis that the people of the region demonstrate 
genetic continuity dating back to at least 6,500 calendar years BP. Second, we test the hypothesis 
that the ancestors of the Northwest Coast peoples experienced additional gene flow in the early 
Holocene.  
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 The Holocene is a geological epoch commencing at 11,700 years BP and continuing into the present.  
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Sample 
Age 14C 
BP 
Age 
Calendar 
Years BP 
mtDNA 
Haplogroup Sex1 
Sequencing 
Strategy 
Libraries 
Sequenced 
Average 
Read 
Depth 
Nucleotides 
Covered 
(hg19) 
OYKC 9,200±50 10,344±83 D4h3a XY Shotgun (0.22% 
Endogenous 
DNA) 
1 1.19 8.1 x 106 
OYKC     Whole Genome 
Enrichment 
8 2.85 1.7 x 108 
PRH 
302 
2440±75 2498±142 A2d XY Whole Genome 
Enrichment 
8 4.01 1.6 x 109 
PRH 
443 
1820±55 1750±70 A2p XX Whole Genome 
Enrichment 
8 4.74 2.0x109 
     9392 5710±40 6487±50 D4h3a7 XX N/A N/A 5.15 1.1x109 
Table 1. Sequencing results. 1Sex was determined from the sequence reads, using the method described in 
Skoglund et al. 2013). 2Previously described in Raghavan et al. (2015). 
 
Archeological Context 
 
OYKC Individual 
The skeletal remains of OYKC are dated to approximately 9,200±5014C years BP (Dixon, 1999; 
Kemp et al., 2007). The spatial distribution of the remains within the cave suggests that the 
individual was not intentionally buried but instead was placed under accidental circumstances 
(Dixon et al., 2014). The fossil record of the southeast Alaskan coast suggests that the area was a 
coastal refugia during the last glacial maximum, with continual use starting at about 17,200 years 
BP (Heaton and Grady, 2003). Humans may have made use of the cave as early as 12,000 years 
BP.  
 
Isotope analysis of the bone collagen revealed a long-term diet of marine foods with little 
sustenance derived from land sources (Dixon et al., 2014). The stone tools associated with the 
individual were manufactured with materials that stemmed from proximate islands and inland 
sources. This evidence suggest that the population associated with OYKC utilized coastal 
navigation to reach various deposits of raw materials. On a broader context, the combined 
evidence implies a seafaring population with established trade networks (Dixon et al., 2014). 
 
PRH Ancient Individuals 
The archaeological context of the ancient individuals recovered from the PRH region, 
ranging in age from approximately 6,500 to 1,750 calendar years BP, demonstrate cultural 
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continuity between the prehistory of the region and the Coast Tsimshian communities described 
in historical times. Two of the ancient individuals (302 and 443) derive from the PRH excavation 
sites, while individual 939 (previously described in Cui et al. (2013) and Raghavan et al. (2015)) 
stems from the Lucy Islands site, 19 km west of PRH. The region shows seasonal occupation 
starting as early as 5,000 years BP, with housing structures that show continuity between the sites 
associated with Lucy and the younger archaeological sites, covering a period from 2,500 to 1,500 
years BP, as well as to the historical dwelling structures of the Coast Tsimshian (Fladmark et al., 
1990; Archer, 2011). 
 
The mitochondrial haplogroup of the 939 ancient individual is D4h3a, sharing the same 
mitochondrial haplogroup with the OYKC individual—who lived some 4,000 years earlier. 
Individuals 302 and 443 belong to the more common haplogroup A2, which is found in high 
frequency in indigenous populations on the Northwest Coast (Eshleman et al., 2004; Malhi et al., 
2004; Achilli et al., 2013). 
 
Results 
 
To assess the shared ancestry between the ancient individuals and 156 worldwide populations, 
both ancient and contemporary, outgroup ƒ3-statistics were employed (Patterson et al., 2012; 
Raghavan, 2013). The data set included 52 Native American populations, which were masked for 
European ancestry, as well as additional masked indigenous groups from North America (Reich 
et al., 2012; Raghavan et al., 2015). All four ancient individuals (OYKC, 939, 443, and 302) 
show greater affinity with Native American groups than with other global populations (Figs. 1-3, 
Raghaven et al. 2015). We also ranked the individual outgroup ƒ3-statistics and found that PRH 
443 shares a greater affinity with Northwest Coast groups (Fig. 4b). The OYKC individual 
ostensibly shows closer affinities to South American groups, such as the Surui and Karitiana, 
however, due to the low coverage of the sample, the relationship is not statistically significant 
(Fig. 4c).  
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Figure 1. Genetic affinity of the OYKC individual to contemporary human populations.  The OYKC 
individual shows greater genetic affinity with Native American groups than other global populations. Heat map  
represents the outgroup ƒ3-statistics estimating the amount of shared genetic drift between OYKC and each of the 
156 contemporary populations since their divergence with the African Yoruban population.  
 
 
 
Figure 2. Genetic affinity of the 443 PRH individual to contemporary human populations.  The 443 PRH 
individual shows greater genetic affinity with Native American groups than other global populations. Heat map 
represents the outgroup ƒ3-statistics estimating the amount of shared genetic drift between PRH 443 and each of the 
156 contemporary populations since their divergence with the African Yoruban population.  
 
	   14	  
 
 
Figure 3. Genetic affinity of the 302 PRH individual to contemporary human populations. The 302 PRH 
individual shows greater genetic affinity with Native American groups than other global populations. Heat map 
represents the outgroup ƒ3-statistics estimating the amount of shared genetic drift between PRH 302 and each of the 
156 contemporary populations since their divergence with the African Yoruban population.  
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Figure 4: Ranked outgroup ƒ3-statistics examining shared genetic history. (a) PRH 302 and (b) PRH 443 both 
show a close relationship to indigenous populations from the Northwest Coast. (c) OYKC shows a closer affinity to 
Southwestern and South American groups. 
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To further elucidate the relationship among the ancient individuals, as well as their relationship 
to contemporary populations, we examined maximum likelihood trees created with TreeMix 
(Pickrell and Pritchard, 2012). Nucleotide transitions were removed from the ancient samples to 
guard against DNA damage. We see that PRH 443 and 302 form a sister clade to the 
contemporary Tsimshian (masked for European ancestry) (Fig. 6a, b). 939 is basal to both the 
Tsimshian and Athabascan (Raghaven et al. 2015). OYKC is placed at the root of all native 
groups, except for the ancient Saqqaq individual from Greenland (Rasmussen et al., 2010), but 
appears closer to South American populations (Fig. 6c).     
 
 
 
 
Figure 5: Maximum liklihood trees. Maximum likelihood tree generated by TreeMix using whole-genome 
sequencing data, with the Tsimshian genome masked for European ancestry. HGDP, Human Genome Diversity 
Project. Trees shown have 0 migrations for (a) PRH 302, (b) PRH 443, and (c) OYKC. 
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In order to further test the hypothesis that the Tsimshian exhibit a close genetic relationship with 
ancient individuals from the PRH region, we employed the D-statistic (Patterson et al., 2012). 
This statistical test operates on a four taxon tree, where the null hypothesis, D=0, implies that the 
tree is correct. If D significantly deviates from zero, then gene flow is implied between the 
branches of the tree. We once again guarded against possible biases from DNA damage by 
removing transitions from the ancient samples and tested different models of genetic 
relationships among ancient and contemporary individuals. The first model (Fig. 7a) supports the 
hypothesis where all three PRH ancient individuals have a shared ancestry. The second model 
(Fig. 7b) extends the shared ancestry to the local Tsimshian population (masked for European 
ancestry) and is supported by our data. The model that directly links the ancestry of the PRH 
individuals to OYKC is, however, rejected by our data (Fig. 7d). The final model directly linking 
the ancient PRH individuals to a South American group (Karitiana) is also not supported (Fig. 
7c).  
 
Figure 6. Genetic models of the regional peopling of the Pacific Northwest Coast. We tested alternative models 
of shared ancestry of PRH individuals with other contemporary and ancient populations. (a) The data supports a 
simple lineage, where PRH 939 and 302 are both basal to 443. (b) The data also supports a simple lineage where 
PRH 302 and 443 are basal to the contemporary Tsimshian. (c)  The data does not support a lineage where the PRH 
302 and 443 are basal to the South American Karitiana. (d) The data also did not support a lineage where OYKC is 
basal to PRH 939 and 443.  
 
The next models examine a less direct relationship between the OYKC and PRH individuals, in 
addition to the spread of the D4h3a mitochondrial haplogroup across the Americas. Since the 
Anzick-1 individual from Montana predates the OYKC individual (~12,600 vs. ~10,300 calendar 
years BP) and shares the same mitochondrial genome, we incorporated the sample into the 
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analysis to assess their relationship. The first two models (Fig. 7a, b) place the Anzick-1 
individual basal to both the OYKC and PRH individuals, both of which are rejected by our data. 
This result is intriguing, since the test for treeness also fails when OYKC is made basal to the 
PRH individuals (Fig. 5c). The third (Fig. 7c) involves Anzick-1 and OYKC being basal to a 
South American group and is supported by our data. The final model (Fig. 7d), especially 
supported in conjunction with the TreeMix analysis, involves a basal diversification of the 
OYKC lineage, which predates the PRH individuals but contributes to their genetic makeup.  
  
 
Figure 7. Genetic models relating Anzick-1 to OYKC. We tested alternative models of shared ancestry of the 
Anazick-1 and OYKC individuals with other contemporary and ancient populations. (a) The data did not support a 
simple lineage, where Anzick-1 and OYKC are both basal to PRH 939. (b) The data also failed to support a simple 
lineage where Anzick-1 and OYKC are basal to the contemporary Tsimshian. (c)  We tested the hypothesis that both 
the Anzick-1 and OYKC were basal to the South American Karitiana, which is supported by the data. (d) An 
additional hypothesis is also supported where the branch deriving from the the OYKC meta population contributes 
to the genetic lineage of the contemporary Tsimshian.  
 
Discussion  
 
Our data supports a shared ancestry for the indigenous peoples of the Northwest Coast, dating 
back to at least ~6,500 calendar years BP. The individual that establishes this is PRH 939, which 
carries the D4h3a mitochondrial haplogroup. The haplogroup, however, is not shared with later 
ancient individuals or the contemporary population of the same region. Furthermore, although 
PRH 939 shares the mitochondrial haplogroup with both the Anzick-1 and OYKC, their genetic 
relationship is not closely shared. Instead, PRH 939 exhibits a greater infinity with PRH 302 
(~2,400 calendar years BP) and 443 (~1750 calendar years BP), both of which share the A2 
mitochondrial haplogroup and reflect the maternal lineage of the contemporary population.  The 
TreeMix analysis, however, reveals a more complicated ancestral picture for PRH 939, which 
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places it basal to both the Tsimshian and the Athabascan—a distinct indigenous population from 
the Northwest (Raghaven et al. 2015).  
 
The pattern could be explained by the genetic relationship of OYKC to other populations. 
Although OYKC shows greater genetic affinity to indigenous groups of the Americas than to 
other worldwide populations, OYKC exhibits a closer relationship to South American groups. 
This is the same result found with Anzick-1 (Rasmussen et al., 2014). OYKC also exhibits a 
closer relationship to Anzick-1 than to the PRH individuals and shares the D4h3a haplogroup. 
This suggests that OYKC was part of a population closely related to the ancestral population. 
PRH 939, however, seems to exhibit dual genetic affinities. The individual also shares the D4h3a 
maternal lineage, but its genomic ancestral signatures begin to align towards the Northwest Coast 
populations, as implied by the individual’s basal relationship to two modern indigenous groups 
from the area. The genetic diversification appears complete by the time of 302 and 443, which 
form a sister clade with the Tsimshian and reflect a distinct maternal lineage (Fig. 8). The 
hypothesis is also compatible with the disappearance of D4h3a from the Northwest Coast.  The 
first inhabitants of the region may have been part of the wave that led to South American groups, 
with gene flow from later expansions contributing to the later genetic diversification. A genetic 
diversification without external gene flow is also a possibility, but this would not explain the 
disappearance of the mitochondrial haplogroup.  
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Figure 8. Site location of the ancient individuals and their associated mitochondrial haplogroups. The Anzick-
1,  OYKC, and 939 all share the D4h3a mitochondrial haplogroup. Later ancient individuals from the Prince Rupert 
Harbour region show a shift in mitochondrial linages to A2. Glaciation patterns are as described in Dyke et al. 
(Dyke et al., 2002).  
 
The archaeological record also shows a shift in the region in terms of technology, which 
coincides with the 4,000 year time span between OYKC and PRH 939. Many of the sites along 
the coast of Alaska and British Columbia, predating 9,000 calendar years BP, exhibit a bifacial 
maritime stone industry (Fedje and Christensen, 1999). This technology, however, begins to shift 
around 8,900 calendar years BP with the addition of microblades, which completely replaces the 
bifacial tools by 8,000 calendar years B.P. (Fedje and Christensen, 1999). Interestingly, the new 
technology is thought to derive from a Berigian maritime paleoarctic adaptation, which endures 
until the mid-Holocene and reaches into the time of PRH 939 (Dixon, 1993). While this 
technology may have been diffused along trading routes, it is also possible that the tradition may 
have been accompanied by new peoples, which may have diversified the gene pool of the region. 
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Lastly, we broach the topic of migration routes taken during the first peopling of the Americas. 
Previous studies have examined the distribution of the D4h3a mitochondrial haplogroup in order 
to support competing migration models. Perego et al. (2009) hypothesized that the haplotype 
distribution exhibited by living Native American populations is a result of a coastal migration 
that was independent of a movement along the interior of North America. However, the 
appearance of D4h3a in ancient individuals found away from the coast, such as Anzick-1, belays 
this theory (Bolnick, 2006; Rasmussen et al., 2011). While we cannot speak of evidence for 
either model, we do show that the Anzick-1 and OYKC might be from the same ancestral 
population, which had an early presence in North America. These individuals, on a regional level, 
however, demonstrate major differences in adaptive technologies: marine vs. terrestrial. If they 
were indeed part of the same ancestral population, they were perhaps not limited to one 
movement or survival stratagem.  
 
We conclude that the Northwest Coast was populated as a result of two demographic expansions 
into the region. The OYKC individual, who lived some 10,300 years ago, was part of an 
ancestral population that may have first populated the region but ultimately led to the peopling of 
the southern continent. Although the ancestral population left its genetic mark on the later 
occupants of the Northwest Coast, it appears that a separate demographic event, occurring during 
the later Holocene, further shaped the genetic architecture of the region. This is supported by the 
dual genetic nature of PRH 939, which shares attributes akin to both the OYKC and later ancient 
individuals of Prince Rupert Habour. The results presented here begin to elucidate the processes 
involved behind the peopling of the Northwest Coast.  
 
Methods 
DNA Extraction  
DNA extractions were completed in an ancient DNA laboratory facility at the University of 
Illinois Urbana-Champaign. Ancient DNA extractions and PCR amplification setups were 
completed in the ancient DNA laboratory facility at the University of Illinois. The ancient DNA 
lab is a positively pressured clean room with hepa-filtered air. The clean room contains an 
anteroom and air flows from the ancient DNA lab to the anteroom to the hallway. Personnel 
working in the ancient DNA lab wear disposable hairnets, facemasks, laboratory coveralls and 
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booties. All equipment, reagents and consumables are dedicated for use in the ancient DNA 
laboratory. The ancient DNA lab is routinely cleaned with bleach and all containers are wiped 
with DNA Away before placed in the ancient DNA lab. Personnel are restricted from entering 
the ancient DNA after being in a contemporary DNA laboratory. A database containing 
mitochondrial control region sequence is maintained of all personnel working in the ancient 
laboratory and of any personnel who may have come into contact with the human remains prior 
to DNA analysis. Contamination controls were used with every DNA extraction and PCR setup 
in order to detect any contamination from reagents. Also, series of negative controls are routinely 
performed in the ancient DNA lab.  
 
Teeth were utilized from each ancient individual for the extraction. Each tooth was soaked in 6% 
sodium hypochlorite for 3 minutes, rinsed three times with UV-irradiated molecular grade water, 
and dried in a UV Crosslinker for 10 minutes, so as to remove surface contamination. 
Approximately 0.20 grams of tooth powder was incubated in 4 ml of demineralization/lysis 
buffer (0.5 M EDTA, 33.3 mg/ml Proteinase K, 10% N-lauryl sarcosine) for 24 hours at 37ºC. 
The digested sample was then concentrated to approximately 250 µl using Amicon centrifugal 
filter units. Following concentration, the digest was run through silica columns using the 
MinElute Qiagen PCR Purification Kit (Qiagen, Hilden, Germany) and eluted in 60 µl of DNA 
extract. 
 
DNA Screening for mtDNA 
In order to test for viable DNA before proceeding with library building and sequencing, each 
ancient individual was amplified for the hypervariable region I of mitochondrial DNA from 2 µl 
of extract, utilizing the reagents and conditions described in Malhi et al. (2003). All 3 ancient 
samples exhibited Native American mitochondrial haplogroups.  
 
Library Build 
Libraries were created using the New England Biolabs Ultra Kit (E7370S, Ipswich, MA) 
following the manufacturer’s protocol with the following modifications: DNA fragmentation was 
not performed. DNA purifications were done using the MinElute Reaction Cleanup Kit (Qiagen, 
Valencia, CA). Library amplification was done in two steps. The first round of amplification 
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utilized the kit’s reagents and protocol with 12 cycles of (10s at 98°C, 30s at 65°C and 30s at 
72°C). For the second round, we achieved a sufficient DNA concentration for the whole-genome 
enrichment (~500ng), without excessive amplification, by creating 4 PCR reactions from the 
initial amplified product and then pooling them before applying the Qiagen MinElute PCR 
Clean-up kit. For the 2nd PCR, we created a 50 µl reaction, utilizing 0.2µM  of primers P5 (5’- 
AATGATACGGCGACCACCGA) and P7 (5’ CAAGCAGAAGACGGCATACGA) (Meyer and 
Kircher, 2010), 5µl from the initial PCR, 25µl of Phusion® High-Fidelity PCR Master Mix with 
HF Buffer (New England Biolabs, Ipswich, MA), 3% DMSO (New England Biolabs, Ipswich, 
MA), 0.2mg/ml BSA (New England Biolabs, Ipswich, MA). PCR conditions were as follows: 
4m at 98°C, 10 cycles of (10s at 98°C, 30s at 62°C and 30s at 72°C), with a final extension at 
72°C for 10m. Library fragment sizes were confirmed via a BioAnalyzer High Sensitivity assay 
to be above 130bp.  
 
Genome Enrichment and Illumina Sequencing 
For each of the PRH ancient samples (302 and 443) and OYKC, 8 libraries were genome 
enriched using the MyBaits Whole Genome Capture kit (Mycroarray, Ann Arbor, MI). Each of 
the 3 samples were sequenced on 4 lanes, pooling 2 libraries in each lane,  on the Illumina HiSeq 
2000 at the High-Throughput Sequencing Division of the W.M. Keck Biotechnology Center at 
the University of Illinois Urbana-Champaign. For the capture, the manufacture’s protocol was 
used with the following modifications: the hybridization temperature was decreased to 50°C for 
24 hours, Qiagen MinElute PCR Clean-up kit was used instead of beads, a final heat elution from 
the Streptavidin beads was performed with molecular biology grade water at 90°C for 2 minutes, 
and the post-capture amplification involved 12 cycles.  
 
Mapping and Genotyping  
Raw data from the Illumina HiSeq 2000 platform was base called with CASAVA 1.8.2. 
Sequences were de-multiplexed with a requirement for a full match of the 6 nucleotide indexes 
that was used for library preparation. Illumina adapter sequences were trimmed using 
Trimmomatic-0.32 (Bolger et al., 2014) with a minmum length of 25 and removing leading and 
trailing quality or N bases below a quality score of 3. Five bases were additionally trimmed at 
each end of the reads to minimize the effects of DNA damage. Trimmed reads were aligned to 
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the human reference genome hg19 using Bowtie2-2.2.5 (Ben Langmead et al., 2009) with a local 
realignment option and a seed length set to 1000. SAMtools-1.2 (Li et al., 2009) was used to sort 
and remove duplicate reads based on mapping positions. Due to the low average read depth of 
the PRH and OYKC individuals, genotypes were not called. The resulting alignment files were 
further filtered for downstream statistical analysis using a minimum mapping quality of 30, a 
minimum base quality of 30. 
 
DNA damage patterns 
DNA damage (type I and type II) was assessed by comparing T–C/G–A and C–T/A –G 
transitions, respectively using MapDamage 2.0 (Jonsson et al., 2013). A specific pattern of DNA 
damage has been identified in other ancient DNA studies (Rasmussen et al., 2010; 2011). These 
studies show a pattern of increased type II DNA damage at the beginning and end of degraded 
DNA fragments. The MapDamage program was run on the shotgun sequencing runs, without 
trimming. The results show signatures of DNA, which suggests that the PRH ancient sequences 
originate from ancient DNA templates and not modern contaminants (Fig. 9).  
                             
 
Figure 9 (cont.) 
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Figure 9. DNA damage patterns for the ancient individuals. Random subset of all mapped reads for each PRH 
Ancient individual. The mismatch frequency is relative to the reference as function of read position, C to T in red 
and G to A in blue. 
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Contamination Estimates 
Contamination estimates utilizing the mitochondrial genome where run on all three samples, 
using an Approximate Bayesian computation method described in Korneliussen  et al. (2014) 
(Korneliussen et al., 2014) through the ANGSD software suite (http://popgen.dk/angsd). Since 
OYKC and 443 were typed as male, using the method described in Skoglund et al. (Skoglund et 
al., 2013), contamination based on the X chromosomes was also performed for these samples. 
The OYKC sample did not have sufficient coverage along the X chromosome to perform the 
estimate.  
 
Sample Method 
Contamination 
Estimate P value 
OYKC Mitochondria 2.16% 0.005 
OYKC X Chromosome Insufficient Coverage - 
443 X Chromosome 0.80% 1.23×10-9 
443 Mitochondria 0.84% 0.005 
302 Mitochondria  0.77% 0.005 
Table 2. Contamination estimates.  
 
 
f3 and D statistics 
To test the genetic affinity of the ancient individuals with global populations, we preformed 
outgroup f3 out-group statistics, using the method outlined by Patterson et al. (2012). Mapping 
and nucleotide qualities below 30 were not considered. The genetic affinities of the 4 ancient 
individuals with different combinations of global populations are shown on Figures 1-4 . We also 
examined the genetic affinities of each individual and various populations using ranked f3 
statistics, shown in Figure 5.  
 
The data set used for global comparisons included 2,081 individuals derived from the published 
study by Raghavan et al. (2015). This data set, comprised of Native American and Siberian 
genome-wide SNPs, was masked for European or African descent. For the genetic affinity 
analysis to global populations, the reads were aligned to hg19.  
 
To examine the relationship between the ancient individuals (OYKC, PRH 939, PRH 443, PRH 
302, and Anzick-1), we performed an ABBA-BABA test or D-Statistic (Green et al., 2010) using 
the definition employed by ANGSD (Korneliussen et al., 2014). The statistic tests the tree ((P1, 
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P2), P3, O), where O is an outgroup to populations P1, P2, and P3. If the null hypothesis, where 
D=0, cannot be rejected, then there is no evidence for gene flow between either P1 and P3 or 
between P2 and P3. If there is a significant deviation from 0, then we can reject the hypothesis of 
the tree ((P1, P2), P3, O), and the data are consistent with gene flow between P1 and P3 or 
between P2 and P3. A Z score was employed to determine the significance of the test, whereby 
an absolute value greater than 3 (|Z|>3) was used as a critical value. The chimpanzee genome 
was used for the outgroup. The tests also included the masked whole genome of a contemporary 
Tsimshian (T60) ((Raghavan et al., 2015), which was masked for European ancestry, and the 
whole genome of a Karitiana individual (HGDP00998) (Rasmussen, 2014). In order to guard 
against DNA damage from the ancient individuals, transitions were not considered during the 
tests.  
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CHAPTER	  3	  
 
ANCIENT EXOMES FROM INDIGENOUS PEOPLES OF THE NORTHWEST COAST 
REVEAL IMMUNE-BASED ADAPTATION TO THE AMERICAS 
 
Abstract 
The susceptibility of Native Americans to specific infectious disease has been postulated as a 
major factor for the population decline after European colonization. In order to investigate if a 
genetic component contributed to this phenomenon, the genetic diversity of an indigenous 
population before and after European contact was captured by sequencing 50 exomes of both 
living and ancient individuals from the Pacific Northwest Coast. Genes showing allele frequency 
changes between the two sampling time frames were identified, which represent strong 
candidates for immune-based adaptation. The strongest immune-based selection signal in the 
ancient individuals came from the human leukocyte antigen (HLA)-DQA1, which is involved in 
antigen presentation and the activation of the adaptive immune response. The living individuals 
show a strong frequency decrease of these ancient alleles (the most pronounced variant showing 
a 64% difference), which may correlate to the smallpox epidemics of the 19th century. The 
frequency changes suggest ancient local adaptation to the environment of the Americas and 
pathogen-driven selection after European colonization.  
   
Introduction 
The decline of native populations of the Americas after European contact has been linked to 
several factors including warfare, alterations in social structure, and the overwhelming 
introduction of European-borne pathogens (Cook, 1998; Fenn, 2001; Patterson and Runge, 
2002). Although, the extent of the population decline is still contentious, the decline due to 
epidemics may have disproportionately contributed to this phenomenon (Dobyns, 1993; Boyd, 
1999). This has prompted biologists to explore the possibility of disease susceptibility, where 
low genetic variation and immunological naïve populations are held responsible for exacerbating 
pathogen associated mortality rates (Black, 1975; Motulsky, 1989; Black, 1992). Assumptions of 
low diversity amongst immunological genes, such as HLA, however, are based on surveys of 
living Native Americans, which represent the surviving members of communities affected by 
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colonization, thus failing to assess the level of diversity that may have existed before European 
contact and leaving the possibility of a preexisting genetic component unarticulated.  
 
Given the demographic history of the indigenous peoples of the Americas, the immunological 
story is likely much more complex. As these populations expanded into the Americas, 
approximately 15,000 to 20,000 years BP (Tamm et al., 2007; Gravel et al., 2013; Raghavan et 
al., 2015), they settled into environments with distinct ecologies and with presumably little gene 
flow from other continental populations until the era of colonization. As a consequence, these 
populations may have adapted locally to local pathogens, resulting in long-lasting changes on 
immune related loci. These type of ancient immune adaptations are suspected to have occurred 
throughout human prehistory as populations spread into varying environments across the globe 
(Fumagalli, 2011). For the indigenous peoples of the Americas, these adaptations may have 
proven robust in the ancient ecologies but deleterious after European contact altered the 
environment through the large influx of pathogens,  some of which may have been novel. 
Therefore, pre-existing genetic adaptations may have contributed to the disease related 
population decline of the indigenous peoples of the Americas, after European contact. 
 
To investigate possible immune-related genes under selection before and after European contact, 
I sequenced the exomes (containing all of the coding regions of the genome) of ancient and 
living individuals of a Northwest Coast First Nation from Prince Rupert Harbor (PRH), British 
Columbia (Fig. 10). The ancient individuals sampled for this study are the presumed ancestors of 
the living  members of the First Nation, as evidenced by their oral histories, archaeology, and 
genetics (Cybulski, 2001; Martindale and Marsden, 2003; Cui et al., 2013). The archaeological 
context of the ancient individuals, unearthed from PRH and Lucy Island, ranging in age from 
approximately 6,500 to 500 calendar years before present (BP) (Fig. 10, Table 3), demonstrate 
cultural continuity between the ancient history of the region and the First Nation communities 
described in historical times2 (Fladmark et al., 1990).  
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 For a more detailed archeological context of the ancient samples see Chapter 4. 
	   30	  
This indigenous population did not begin regular contact with Europeans until approximately the 
1780s, with the development of the maritime fur trade. In 1834, the Hudson’s Bay Company was 
established at Fort Simpson and was later accompanied by an influx of European settlers (Sequin 
and Halpin, 1990). Shortly thereafter, the indigenous peoples suffered two major smallpox 
epidemics in 1836 and 1862, resulting in an estimated 70% population decline (Boyd, 1999). 
Today, the decadents of these peoples have recovered to near pre-contact levels and still reside in 
the same region as their ancestors(Sequin and Halpin, 1990; Census of Canada, 2006).  
 
In this chapter, I test the hypothesis that the indigenous peoples of the Americas were adapted to 
the ancient environments, which may have effected their interaction with European borne 
pathogens. The test entails genomic scans for natural selection, on both the ancient and living 
individuals, which represent two time frames: before and after European contact. In doing so, I 
hope to reveal evidence for ancient adaptations and the molecular impact of European contact.  
 
Figure 10. Archaeological sites in the Prince Rupert Harbor region of British Columbia, Canada.  
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Catalog 
ID 
Archaeological 
Site 
Osteology-
Based Sex 
Estimation 
Sequence-
Based Sex 
Estimation Specimen 
Conv 
14C 
Year
s BP 
Cal 
Years 
BP 
Dated via 
Associated 
Cultural 
Remains 
mtDNA 
Haplo-
group 
XVII-B-
125 
GBTo-23 M Not 
Assigned 
mand right 
3rd molar 
2260±
40 
2288± 
58 
 A* 
XVII-B-
158 
GBTo-23 F XX mand left 
3rd molar 
2290±
50 
3179± 
83 
 A2 
XVII-B-
163 
zGBTo-18 M XY mand right 
2nd molar 
n/a n/a "Pre-historic" A2 
XVII-B-
167 
GBTo-23 M Not 
Assigned 
mand right 
2nd molar 
n/a n/a cal 800 to 
350 BC 
A* 
XVII-B-
168 
zGBTo-18 F XX molar 2650±
75 
2760± 
60 
 D4 
XVII-B-
181 
GBTo-23 F XX mand left 
3rd molar 
2620±
40 
2743± 
20 
 A2 
XVII-B-
300 
GBTo-30 F XX mand left 
3rd molar 
1650±
75 
1544± 
88 
 D 
XVII-B-
302 
GBTo-30 F XX mand left 
3rd molar 
2440±
75 
2498± 
142 
 A2 
XVII-B-
311 
GBTo-31 M Not 
Assigned 
mand. right 
3rd molar 
2090±
60 
2058± 
87 
 A* 
XVII-B-
318 
GBTo-31 M Not 
Assigned 
mand right 
2nd molar 
1550±
50 
1432± 
68 
 D* 
XVII-B-
322 
GBTo-31 M Not 
Assigned 
mand right 
3rd molar 
2050±
50 
2003± 
65 
 A* 
XVII-B-
357 
GBTo-31 M XX mand right 
3rd molar 
n/a n/a cal 50 BC to 
690 AD 
 
A2 
 
XVII-B-
365 
GBTo-31 F XX molar 2270±
65 
2290± 
75 
 A* 
XVII-B-
386 
GBTo-31 M Not 
Assigned 
mand left 
2nd molar 
1060±
40 
962±33  A* 
XVII-B-
406 
GBTo-31 F XX mand right 
3rd molar 
n/a n/a cal 50 BC to 
690 AD 
 
A* 
 
XVII-B-
412 
GBTo-31 F Not 
Assigned 
mand right 
3rd molar 
1940±
40 
1883± 
40 
 A2 
XVII-B-
413 
GBTo-23 F XX molar 1970±
42 
1913± 
42 
 A2 
XVII-B-
443 
GBTo-31 M Not 
Assigned 
max left 
2nd molar 
1820±
55 
1750± 
70 
 A2 
XVII-B-
468 
GBTo-33 M XY mand right 
3rd molar 
1940±
45 
1883± 
46 
 A2 
XVII-B-
470 
GBTo-33 M XY mand right 
3rd molar 
1600±
40 
1488± 
52 
 A2 
XVII-B-
507 
GBTo-36 M Not 
Assigned 
mand right 
3rd molar 
2320± 
65 
2335± 
61 
 A* 
XVII-B-
516 
GBTo-36 M Not 
Assigned 
mand right 
2nd molar 
n/a n/a cal 300 BC 
to 440 AD 
 
A2 
XVII-B-
525 
GBTo-31 M Not 
Assigned 
mand right 
2nd molar 
1860±
40 
1800± 
51 
 A2 
XVII-B-
532 
GBTo-36 M XY molar n/a n/a 3200 to 
1500 BP 
 
A2 
 
XVII-B-
939 
GBTp-1 M XX mand left 
2nd molar 
 
5710±
40 
6487± 
50 
 D4h3a 
Table 3. Ancient sample characterization. Sequence-based sex determination was completed as described in 
Skoglund et al. (Skoglund et al., 2013). Mitochondrial haplogroups designated with * were assigned via RFLP.  
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Results 
To investigate possible immune-related genes under selection before and after European contact, 
the exomes of ancient and living indigenous individuals from the Northwest Coast First Nation 
were sequenced. This was followed by non-candidate population genomic scans for natural 
selection and functional characterization of genes with the strongest signals. Exomes of 25 living 
individuals from the community were sequenced to an average read depth of 9.66x. The exomes 
of 25 ancient individuals from the PRH sites were sequenced to a mean depth of 7.97x. Only 
individuals dated older than 1,000 years BP (Table 3) were selected for sequencing to assure pre-
European contact status. Contamination estimates using the exome-wide data revealed an 
average contamination of 0.684% at a 95% credibility interval ((Cibulskis et al., 2011), Table 9). 
All 25 individuals exhibited deamination patterns consistent with post-mortem DNA damage 
((Briggs et al., 2007; Seguin-Orlando et al., 2013), Fig. 15). Mitochondrial haplogroups were 
determined for each ancient individual, all showing Native American lineages (Table 3; (Cui et 
al., 2013)).  
 
Before proceeding with the selection scans, the genetic relationship between the ancient and 
living individuals was first explored, in order to ensure that a single population was being 
examined through time. For these analyses, transitions were not consider in order to prevent 
potential bias resulting from DNA damage. Genotypes were not called due to the low coverage 
of the ancient samples, which may result in statistical uncertainty. I therefore relied on a 
probabilistic model that can take these uncertainties into account through genotype likelihoods 
and an estimation of allele frequencies (Nielsen, 2012). A multi-dimensional scaling (MDS) plot 
representing genetic distances between individuals, including  populations from the 1,000 
genomes project (http://1000genomes.org, Fig. 11a), reveals an association between the two 
indigenous groups, with the living population drifting towards Europeans, as expected from 
known admixture (Verdu et al., 2014). The genetic affinity of the ancient individuals to both 
contemporary and ancient genomes was also assessed via f3-statistics, which revealed that the 
closest relationship is to Native American populations, in particular to the living First Nation 
(Fig. 17). Next, the individuals were compared via a maximum likelihood tree using the program 
TreeMix (Pickrell and Pritchard, 2012). At 1 migration event, the ancients exhibit minimal drift 
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and appear ancestral to the living, with an admixture event occurring between the living and 
European populations (Fig. 11b). A cluster analysis completed with the program ADMIXTURE 
(Alexander et al., 2009) also supports this relationship, where (at K=5) the living show a large 
ancient component, as well as a component from the European population (Fig. 11c).  
 
 
 
 
Figure 11. Population structure of the ancient individuals from Prince Rupert Harbour. a) 
Multidimensional Scaling Analysis (MDS) Plot includes 1,000 genomes reference populations and Native American 
Populations sampled from the Karitiana, Surui, and Maya. b) Maximum likelihood tree created with TreeMix, 
showing one migration event. c) ADMIXTURE Cluster Analysis depicting ancestry proportions assuming the 
number of genetic components, K, is equal to 1 through 5, for a set of 329 living Eurasian, African and Native 
American populations, along with 2 ancient Native Americans. The model at K=5 was found to have the best 
predictive power, as determined by the lowest cross validation index values. 
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The population history of the indigenous population was also modeled by taking into account the 
severe bottleneck that occurred after European contact (Larsen, 1994; Thornton, 1997; O'Fallon 
and Fehren-Schmitz, 2011) (see Methods). Utilizing both ancient and modern genome-wide data, 
the population decline was modeled with the mutli-dimensional frequency spectra of potentially 
synonymous sites with respect to hg19. The best-fitting model suggests that a bottleneck 
occurred approximately 150 years ago in the First Nation, with the split between the East Asian 
and ancestral native population occurring approximately 14,800 years ago. The timing of the 
bottleneck coincides with the smallpox epidemics of the 19th Century and historical reports of 
large population declines (Boyd, 1990; Sequin and Halpin, 1990). 
 
In order to prevent false-positive signals of selection due to the apparent admixture of the living 
individuals with Europeans, an admixture correction was performed (see Methods). The genetic 
differentiation between the ancients and the admixed-corrected living individuals was relatively 
low (FST=~0.02) and represent an appropriate comparison. The populations were scanned for 
selection signals utilizing the Populations Branch Statistic (PBS; (Yi et al., 2010)). PBS has 
proven effective in detecting selected loci amongst high-altitude populations (Yi et al., 2010; 
Huerta-Sanchez et al., 2013) and takes into account a 3rd more distantly related population. 25 
Han individuals from Beijing, part of the 1,000 genomes project (http://www.1000genomes.org), 
served as the third comparative population. This allowed us to compare the pairwise FST values 
of all three populations in order to determine the frequency change that occurred in the ancient 
since the divergence from the living individuals (Shriver et al., 2004). The resulting PBS scores 
(Table 4) correspond to the magnitude of the allele frequency change at a given locus in the 
ancient individuals.  
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Gene PBS P value SNPs Function 
HLA-DQA1 0.278776809 0.00032 16 Major histocompatibility complex, class II, DQ alpha 1. 
BLZF1 0.227968256 0.0016 56 Basic leucine zipper nuclear factor 1. Required for normal 
Golgi structure and for protein transport from the 
endoplasmic reticulum through the Golgi apparatus to the cell 
surface. 
CELA3A 0.207270149 0.00311 27 Chymotrypsin-like elastase family, member 3A. Serine 
protease that hydrolyze many proteins in addition to elastin. 
C1orf216 0.190562841 0.00555 65 Chromosome 1 open reading frame 216. Function not known.  
OR6Q1 0.175425197 0.00985 12 Olfactory receptor, family 6, subfamily Q, member 1.  
TOMM7 0.171970388 0.01137 19 Translocase Of Outer Mitochondrial Membrane 7 Homolog. 
Regulates 
the assembly and stability of the translocase complex. 
CCDC181 0.166360505 0.01391 25 Coiled-Coil Domain Containing 181. 
PTF1A 0.146513385 0.02793 9 Pancreas specific transcription factor, 1a. May be involved in 
the maintenance of exocrine pancreas-specific gene 
expression 
including ELA1 and amylase. 
OR3A1 0.13890171 0.0364 22 Olfactory receptor, family 3, subfamily A, member 1. 
BTNL2 0.131518242 0.04735 24 Butyrophilin-like 2 (MHC class II associated. Negative 
regulator of T-cell proliferation. 
Table 4. Genes with strongest frequency changes in the ancient individuals.  
 
Ancient genes showing the most extreme PBS values represent strong candidates for selection, of 
which 5 are directly involved with immune function (Table 4). Enriched gene ontologies were 
also identified from the ranked list of genes generated from the PBS scan, which highlight 
immune function related to antigen presentation (Table 5). In order to confirm the selection 
signals, with respect to alternative demographic explanations, the extreme PBS scores were 
compared against neutral simulations using our demographic history model, which allowed for 
the calculation of P values for each score (see Methods). Variants from the top candidate with 
the most pronounced frequency changes were confirmed via Sanger sequencing in all ancient 
samples reporting data (see Methods). 
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Ontology Enrichment Term P-value FDR q-value 
Olfactory receptor activity 3.17E-09 1.30E-05 
MHC class II receptor activity 5.34E-07 1.09E-03 
Peptide antigen binding 3.09E-06 4.21E-03 
Receptor activity 1.26E-05 1.28E-02 
G-protein coupled receptor activity 1.38E-05 1.13E-02 
Peptidase inhibitor activity 4.36E-05 2.97E-02 
Molecular transducer activity 5.13E-05 3.00E-02 
Peptidase regulator activity 1.16E-04 5.95E-02 
Transmembrane signaling receptor activity 1.75E-04 7.95E-02 
Endopeptidase inhibitor activity 1.86E-04 7.62E-02 
Signaling receptor activity 2.15E-04 7.99E-02 
Endopeptidase regulator activity 2.92E-04 9.95E-02 
Antigen binding 3.01E-04 9.47E-02 
Serine-type endopeptidase activity 4.75E-04 1.39E-01 
Cytokine activity 5.15E-04 1.40E-01 
Serine-type peptidase activity 5.25E-04 1.34E-01 
Beta-3 adrenergic receptor binding 5.74E-04 1.38E-01 
Serine hydrolase activity 6.22E-04 1.41E-01 
Nucleoside triphosphate adenylate kinase activity 7.59E-04 1.64E-01 
Table 5. Enriched gene ontologies. Derived from the PBS selection scan on the ancient individuals; calculated via 
GOrilla (http://cbl-gorilla.cs.technion.ac.il).  
 
Discussion 
The most extreme PBS score belonged to the human leukocyte antigen (HLA)-DQA1, 
which encodes for the alpha chain of the major histocompatibility complex (MHC), class II, DQ1 
isoform. The HLA-DQA1 SNP with the most pronounced frequency difference between the 
ancient (100%) and living (36%) falls in an UTR5 region of the gene, which may be indicative of 
selection acting on the regulation of the gene (Table 10). The chromosomal region where the 
gene is located also shows strong differentiation in the ancient individuals when compared to the 
living (Fig 12). An analysis for the enrichment of gene ontology terms also revealed a 
significance for MHC Class II receptor activity and peptide antigen binding in the ancient 
individuals (Fig. 13). 
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Figure 12. PBS score vs. gene position on chromosome 6. The highlighted region shows PBS scores for SNPs 
within 10kb of the HLA-DQA1 gene. The living were corrected for European admixture.  
 
 
Figure 13. Gene Ontology Enrichment for the ancient individuals amongst PBS genes. Data produced with the 
gene list derived from the PBS selection scan and GOrilla (http://cbl-gorilla.cs.technion.ac.il).  
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HLA-DQ is one of the three main types of MHC class II molecules, along with DR and DP, and 
are expressed mainly expressed on antigen presenting cells (Jones et al., 2006). MHC class II 
molecules are responsible for binding to extracellular pathogen peptides and presenting them to 
CD4+T helper cells, which activate a targeted adaptive immune response towards the associated 
microbe (Roche and Furuta, 2015). These molecules are known to be highly polymorphic, 
mainly due to sequence differences corresponding to the binding domain of the molecule, which 
impact the type of peptides that can be bound(Wang et al., 2008). Because of this variety in 
binding domains, differing MHC class II isoforms can have differing disease outcomes due to 
the restriction imposed on T-cell activation (Roche and Furuta, 2015). The polymorphic nature 
of these molecules across different populations, however, would not explain the heightened 
differentiation in the ancient individuals with respect to their living descendants. 
 
Alleles of HLA-DQ have been associated in a variety of colonization era infectious diseases, 
including measles (Moss and Griffin, 2006; Ovsyannikova et al., 2006), tuberculosis (Kim et al., 
2005; Delgado et al., 2006), and with regard to the adaptive immune response to the vaccinia 
virus, which is an attenuated form of smallpox (Ovsyannikova et al., 2011; 2014). Although it is 
not possible to know if the ancient alleles putatively under selection may pose a differential 
disease outcome with respect to the smallpox virus directly (due to its eradication), the use of 
ancient DNA affords a unique opportunity to examine the ancient frequencies of these alleles. If 
we consider the low genetic differentiation between the living and ancient individuals, we may 
examine the frequency of the HLA-DQA1 alleles as they fluctuate through time in a single 
population. The significant frequency changes between the two time periods, before and after 
European contact, suggests a case for positive selection followed by negative frequency-
dependent selection of the HLA gene (Takahata and Nei, 1990). Selection of the gene in the 
ancestral population may have driven it to high frequency and produced a relatively common set 
of alleles, but may have proven disadvantageous when the environment drastically changed upon 
European contact. The common form of the HLA-DQA1 gene, at the time smallpox was 
introduced to the Pacific Northwest Coast, may have increased the virulence of the virus in the 
indigenous population, thereby decreasing the frequency of the allele in modern times. Further 
microbiological studies will be needed to understand the alleles’ potential affects on the 
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virulence of the attenuated form of smallpox (vaccinia virus), as well as their affect on 
downstream target genes. 
 
Another possible correlation exists between olfactory and HLA receptors, which both show 
significant selection signals and ontology term enrichment (Fig. 13, Table 5). The correlation 
may provide an alternative hypothesis, involving sexual selection, as to why the associated 
immune genes may have been driven to high frequency in the ancestral population. HLA has 
been theorized to influence mating preference by affecting an individual’s unique odor (Jacob et 
al., 2002; Ziegler et al., 2005; Havlicek and Roberts, 2009). The olfactory receptors that detect 
these molecules are also theorized to have come under selection, given their role in processing 
the socially complex signals (Linnen and Hoekstra, 2010; Pause, 2011; Milinski et al., 2013). 
Although this correlation would require further exploration on a molecular level, the result would 
be the same in terms of creating a negative frequency dependent scenario upon the introduction 
of a potentially novel pathogen, which may have been able to take advantage of the ancient 
immunological state of the population.   
 
Additional genes identified in this study may relate to other ancient adaptive events (64). These 
include the aforementioned olfactory genes (OR6Q1 and OR3A1), which code for receptors that 
bind to odorant molecules. Olfactory receptors have been a known target of evolution in humans, 
where putatively selected variants within these genes can alter odor perception (Gilad et al., 
2003; Keller et al., 2007). Another pair of candidate gene correlate with digestion. PTF1A codes 
for a pancreas specific transcription factor, which may be involved in the expression of amylase 
and elastase 1 (Kawaguchi, 2002; Dong et al., 2007). A related gene, CELA3A, codes for a 
pancreatic enzyme linked to digestive function in the intestine (Whitcomb, 2007). It may also be 
involved in the transport of and metabolization of cholesterol (Tani et al., 1988). These selection 
signals and their potential link to adaptive traits, in terms of digestion and olfactory sense, may 
have proven advantageous in the ancient environment of the Americas.  
 
Selection scans were also run on the living population, with and without the European admixture 
correction. Neither list show significant selection on any immune-related genes, which may 
suggest that pathogen driven selection has acted negatively on this functional class (Table 6, 7). 
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The gene ontology enrichment analyses, however, reveal two interesting patterns. The 
enrichment list derived from the admixed corrected selection scan shows a correlation with the 
negative regulation of the intestinal absorption of cholesterol (Fig. 14). Two genes are associated 
with this enrichment, ABCG5 and ABCG8. These genes have been shown to not only regulate the 
cholesterol absorption but also have been correlated to the specific regulation of sterol absorption 
from shellfish, which can be toxic if absorbed at high levels (Lee et al., 2001; Yu et al., 2002; 
Nguyen et al., 2012). This is an intriguing potential adaptation since the First Nation have a long 
standing history of a marine based diet (Cybulski, 2001). Furthermore, this may also represent a 
distinct adaptation in lieu of the more common ABCA1 allele—found in other Native American 
populations that regulates cholesterol absorption in communities with agricultural-based diets 
(Plat and Mensink, 2002; Acuña-Alonzo et al., 2010).   
 
Examining the gene ontology enrichment list for the selection scan on the living individuals, 
without European admixture correction, reveals a different pattern. There seems to be an 
enrichment related to the metabolic processing of alcohol dehydrogenase (Fig. 15). The four 
genes associated with this enrichment are ADH5, ADH6, ALDH2, and ADH1B. These genes may 
be involved in the rate at which alcohol and acetaldehyde are metabolized and have been 
associated with both positive and negative effects on alcohol induced organ damage and 
dependence (Mulligan et al., 2003; Ehlers et al., 2012; Ramchandani, 2013). Given that this 
enrichment is not revealed in the admixed corrected analysis, it may be possible that these alleles 
have entered the population as a result of gene flow from Europeans. 
 
In conclusion, the results of the selection scans presented here reveal a nuanced evolutionary 
history of Native Americans, which is greatly complicated by European contact. Given the 
pronounced frequency changes of immune-related genes showing the strongest signals of 
selection, there appears to be an evolutionary shift in the indigenous communities of the 
Northwest Coast after the severe population declines associated with the smallpox epidemics of 
the 19th Century. The evolutionary trend points towards rapid adaptive events focusing on 
negative selection of previously selected immune related alleles, that may function in a 
frequency dependent manner. The removal of ancient alleles adapted to the ancient environment 
may have mitigated the virulence of specific pathogens introduced after European colonization, 
	   41	  
allowing for increased survivability during the epidemics of the 19th Century. Although detailed 
microbiological studies are needed to understand the possible effects of these genes with a given 
pathogen, such as smallpox, an interesting picture has emerged depicting the genetic resilience of 
Native Americans in the face of rapid environmental change. This may help to better understand 
the historical experiences of Native Americans with European borne disease by integrating their 
complex evolutionary history, which spans thousands of years.  
Table 6. Functions of Genes with P values below 0.05 for the living individuals with admixture correction. 
Gene functions were derived from GeneCards (www.gencards.org). 
 
Gene  PBS Score P value  SNPs Function 
PDCL3 0.2998444 5.00x10-05 32 Phosducin-like 3. Acts as a chaperone for the angiogenic VEGF 
receptor KDR/VEGFR2, controlling its abundance and 
inhibiting its ubiquitination and degradation. Modulates the 
activation of caspases during apoptosis. 
CNOT11 0.173709579 0.00545 112 CCR4-NOT transcription complex, subunit 11. Component of the 
CCR4-NOT complex which is one of the major cellular mRNA 
deadenylases and is linked to various cellular processes including 
bulk mRNA degradation, miRNA-mediated repression, translational 
repression during translational initiation and general transcription 
regulation. 
PSG5 0.168520517 0.00656 16 Pregnancy specific beta-1-glycoprotein 5. The human pregnancy-
specific glycoproteins (PSGs) are a group of molecules that are 
mainly produced by the placental syncytiotrophoblasts during 
pregnancy.  
RAB6C 0.165826759 0.00732 12 Member RAS oncogene family. 
SUMO2 0.159406912 0.00915 14 Small ubiquitin-like modifier 2. 
GPR21 0.148679547 0.01341 22 Ubiquitin-like protein that can be covalently attached to proteins as a 
monomer or as a lysine-linked 
polymer.  
PDYN 0.140294814 0.0185 47 Prodynorphin. Involved in physiologic functions, including pain 
perception and responses to stress. 
PXDC1 0.136720516 0.02123 95 PX domain containing 1.  
POLE4 0.135276994 0.0223 37 Polymerase (DNA- directed), epsilon 4, accessory subunit. May play 
a role in allowing polymerase epsilon to carry out its replication 
and/or repair function. 
OR11A1 0.132702324 0.02443 36 Olfactory receptor, family 11, subfamily A, member 1. 
NEUROG3 0.131154492 0.02577 47 Neurogenin 3. Acts as a transcriptional regulator. 
OR10C1 0.128797097 0.02805 28 Olfactory receptor, family 10, subfamily C, member 1 
(gene/pseudogene). 
TCP10L2 0.1287457 0.02811 6 T-Complex 10-Like 2. 
CDH10 0.127837578 0.02898 111 Cadherin 10, type 2 (T2-cadherin). 
HIST1H4H 0.126585295 0.03045 12 Histone cluster 1, H4h. Core component of nucleosome. 
CR1L 0.121785583 0.03647 53 Complement component (3b/4b) receptor 1-like. 
ADH6 0.121539163 0.03683 56 Alcohol dehydrogenase 6 (class V). 
CCDC74B 0.114047862 0.04937 23 Coiled-coil domain containing 74B. 
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Table 7. Functions of Genes with P values below 0.05 for the living individuals without correcting for 
admixture. Gene functions were derived from GeneCards (www.gencards.org). 
Gene  PBS Score P value  SNPs Function 
CYP4Z1 0.329829344 9.0x10-05 17 Mitochondrial translational release factor 1-like. 
PDCL3 0.321767386 8.0x10-05 39 Phosducin-like 3. Acts as a chaperone for the angiogenic 
VEGF receptor KDR/VEGFR2, controlling its abundance and 
inhibiting its ubiquitination and degradation. Modulates the 
activation of caspases during apoptosis. 
PSG5 0.169863548 0.00772 19 Pregnancy specific beta-1-glycoprotein 5. The human 
pregnancy-specific glycoproteins (PSGs) are a group of 
molecules that are mainly produced by the placental 
syncytiotrophoblasts during pregnancy. 
CNOT11 0.169410523 0.00782 160 CCR4-NOT transcription complex, subunit 11. Component of 
the CCR4-NOT complex which is one of the major cellular 
mRNA deadenylases and is linked to various cellular processes 
including bulk mRNA degradation, miRNA-mediated 
repression, translational repression during translational 
initiation and general transcription regulation. 
SUMO2 0.156278054 0.02801 18 Small ubiquitin-like modifier 2. 
PDYN 0.154671374 0.02965 84 Ubiquitin-like protein that can be covalently attached to 
proteins as a monomer or as a lysine-linked 
polymer.  
RAB6C 0.143426055 0.01298 13 Member RAS oncogene family. 
GPR21 0.141307594 0.04202 32 Ubiquitin-like protein that can be covalently attached to 
proteins as a monomer or as a lysine-linked 
polymer. 
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Figure 14. Gene Ontology Enrichment for the living individuals amongst PBS genes, with correction for 
admixture with Europeans. Data produced with the gene list derived from the PBS selection scan and GOrilla 
(http://cbl-gorilla.cs.technion.ac.il). 
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Figure 15. Gene ontology enrichment for the living individuals amongst PBS genes, with no correction for 
admixture with Europeans. Data produced with the gene list derived from the PBS selection scan and GOrilla 
(http://cbl-gorilla.cs.technion.ac.il). 
 
Methods 
DNA Extraction  
DNA extractions and PCR amplification setups were completed in an ancient DNA laboratory 
facility at the University of Illinois Urbana-Champaign. The ancient DNA lab is a positively 
pressured clean room with hepa-filtered air. The clean room contains an anteroom and air flows 
from the ancient DNA lab to the anteroom to the hallway. Personnel working in the ancient DNA 
lab wear disposable hairnets, facemasks, laboratory coveralls and booties. All equipment, 
reagents and consumables are dedicated for use in the ancient DNA laboratory. The ancient 
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DNA lab is routinely cleaned with bleach and all containers are wiped with Takara DNA Off 
(Mountain View, CA) before placed in the ancient DNA lab. Personnel are restricted from 
entering the ancient DNA after being in a contemporary DNA laboratory. A database containing 
mitochondrial control region sequence is maintained of all personnel working in the ancient 
laboratory and of any personnel who may have come into contact with the human remains prior 
to DNA analysis. Contamination controls were used with every DNA extraction and PCR setup 
in order to detect any contamination from reagents. A series of negative controls are routinely 
performed in the ancient DNA lab.  
 
Each tooth was soaked in 6% sodium hypochlorite for 3 minutes, rinsed three times with UV-
irradiated molecular grade water, and dried in a UV Crosslinker for 10 minutes, so as to remove 
surface contamination. Approximately 0.20 grams of tooth powder was incubated in 4 ml of 
demineralization/lysis buffer (0.5 M EDTA, 33.3 mg/ml Proteinase K, 10% N-lauryl sarcosine) 
for 24 hours at 37ºC. The digested sample was then concentrated to approximately 250 µl using 
Amicon centrifugal filter units. Following concentration, the digest was run through silica 
columns using the MinElute Qiagen PCR Purification Kit (Qiagen, Hilden, Germany) and eluted 
in 60 µl of DNA extract. 
 
DNA Screening for mtDNA 
In order to test for viable DNA before proceeding with library building and exome sequencing, 
each ancient individual was amplified for the hypervariable region I of mitochondrial DNA from 
2 µl of extract, utilizing the reagents and conditions described in Malhi et al. (Malhi et al., 2003). 
Native American maternal lineage was also confirmed for each sample via restriction fragment 
length polymorphism analysis for Native American haplogroups (A, B, C, D, and X) (Kaestle 
and Smith, 2001), or via off-target reads from the exome capture and previously performed 
captures of the mitochondrial genome, as described in Cui et al. (2013,Table 3). All 25 ancient 
samples demonstrate Native American mitochondrial haplogroups.  
 
Library Build and Exome Sequencing  
Libraries were created using the New England Biolabs Ultra Kit (E7370S, Ipswich, MA) 
following the manufacturer’s protocol with the following modifications: DNA fragmentation was 
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not performed. DNA purifications were done using the MinElute Reaction Cleanup Kit (Qiagen, 
Valencia, CA). Library amplification was done in two steps. The first round of amplification 
utilized the kit’s reagents and protocol with 12 cycles of (10s at 98°C, 30s at 65°C and 30s at 
72°C). For the second round, I achieved a sufficient DNA concentration for the exome 
enrichment (~500ng), without excessive amplification, by creating 4 PCR reactions from the 
initial amplified product and then pooling them before using a Qiagen MinElute PCR Clean-up 
kit. For the 2nd PCR, I created a 50 µl reaction, utilizing 0.2µM  of primers P5 (5’- 
AATGATACGGCGACCACCGA) and P7 (5’ CAAGCAGAAGACGGCATACGA) ((Meyer 
and Kircher, 2010)), 5µl from the initial PCR, 25µl of Phusion® High-Fidelity PCR Master Mix 
with HF Buffer (New England Biolabs, Ipswich, MA), 3% DMSO (New England Biolabs, 
Ipswich, MA), 0.2mg/ml BSA (New England Biolabs, Ipswich, MA). PCR conditions were as 
follows: 4m at 98°C, 10 cycles of (10s at 98°C, 30s at 62°C and 30s at 72°C), with a final 
extension at 72°C for 10m. Library fragment sizes were confirmed via a BioAnalyzer High 
Sensitivity assay to be above 130bp.  
 
Exome Enrichment and Illumina Sequencing 
For the living samples, a combination of the Illumina TruSeq Exome Enrichment Kit and the 
Nextera Rapid Capture Exome Kit (Illumina, San Diego, CA) were used (Table 8), following the 
manufacturer’s protocol. One library per individual was sequenced (single-end reads) and pooled 
for a total of 4 libraries per lane on the Illumina HiSeq 2000 at the High-Throughput Sequencing 
Division of the W.M. Keck Biotechnology Center at the University of Illinois Urbana-
Champaign.  
 
For the PRH ancient samples, only the Illumina TruSeq Exome Enrichment Kit was used. For 
each ancient individual, 4 libraries were captured and then pooled for sequencing on one  lane. 
For the capture, the manufacture’s protocol was used with the following modifications: the 
Qiagen MinElute PCR Clean-up kit was used instead of beads, post-capture amplification 
involved 12 cycles instead of 10, and the hybridization temperature was decreased to 50°C.  
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Living 
Samples 
Exome 
Capture 
Method 
Capture 
Libraries 
Sequenced 
Illumina 
62MB On-
target Hits 
Average 
Read 
Depth 
Ancient 
Samples 
Exome 
Capture 
Method 
Capture 
Libraries 
Sequenced 
Illumina 
62MB On-
target Hits 
Average 
Read 
Depth 
S001 Nextera 1 0.904283758 6.3422 125 Tru-Seq 4 0.328200145 2.03254 
S002 Tru-Seq 1 0.930950435 8.62802 158 Tru-Seq 4 0.536221871 5.25787 
T004 Tru-Seq 1 0.705098484 2.80743 163 Tru-Seq 4 0.065611919 1.75727 
T008 Nextera 1 0.801474597 10.6555 167 Tru-Seq 4 0.341898258 1.85701 
T012 Tru-Seq 1 0.663371532 2.57248 168 Tru-Seq 4 0.84163529 12.8529 
T015 Tru-Seq 1 0.90549279 9.87665 181 Tru-Seq 4 0.887003 12.7429 
T018 Nextera 1 0.829727742 12.59 300 Tru-Seq 4 0.580635306 3.09703 
T023 Tru-Seq 1 0.767662613 3.049 302 Tru-Seq 4 0.912515032 33.115 
T024 Nextera 1 0.860356081 14.41 311 Tru-Seq 4 0.665996613 3.8207 
T026 Nextera 1 0.917903548 7.61586 318 Tru-Seq 4 0.263561226 2.37845 
T028 Nextera 1 0.862068403 4.83134 322 Tru-Seq 4 0.528905694 2.78005 
T036 Tru-Seq 1 0.846779968 4.96615 357 Tru-Seq 4 0.772120629 10.0139 
T052 Nextera 1 0.869650113 4.83776 365 Tru-Seq 4 0.851621435 13.2557 
T054 Nextera 1 0.921754565 22.0136 386 Tru-Seq 4 0.326494726 1.66748 
T055 Nextera 1 0.840876871 4.13476 406 Tru-Seq 4 0.477336452 2.71423 
T057 Nextera 1 0.842303194 5.00326 412 Tru-Seq 4 0.326017484 1.65456 
T058 Nextera 1 0.939344113 18.4778 413 Tru-Seq 4 0.716144032 6.33255 
T059 Nextera 1 0.885633032 11.1151 443 Tru-Seq 4 0.864574258 27.2342 
T060 Nextera 1 0.875366774 16.1518 468 Tru-Seq 4 0.914177242 17.9042 
T061 Nextera 1 0.946905661 17.8558 470 Tru-Seq 4 0.929462935 15.2033 
T066 Nextera 1 0.929130468 12.3193 507 Tru-Seq 4 0.602631839 2.78834 
T067 Nextera 1 0.922596113 9.82765 516 Tru-Seq 4 0.710534081 6.07661 
T200 Tru-Seq 1 0.818794145 4.52119 525 Tru-Seq 4 0.298353194 3.39217 
T201 Tru-Seq 1 0.928923984 19.96 532 Tru-Seq 4 0.701980726 4.35001 
T202 Tru-Seq 1 0.862945242 6.95669 939 Tru-Seq 4 0.342927726 4.93794 
Table 8. Exome enrichment results.  
 
Mapping and Genotyping  
Raw data from the Illumina HiSeq 2000 platform was base called with CASAVA 1.8.2. 
Sequences were de-multiplexed with a requirement for a full match of the 6 nucleotide indexes 
that was used for library preparation. Illumina adapter sequences were trimmed using 
Trimmomatic-0.32 (Bolger et al., 2014) with a minmum length of 25 and removing leading and 
trailing quality or N bases below a quality score of 3. Trimmed reads were aligned to the human 
reference genome hg19 using  Bowtie2-2.1.0 (Langmead, 2012) with a local realignment option 
and a seed length set to 1000. SAMtools-1.1 (Li et al., 2009) was used to sort and remove 
duplicate reads based on mapping positions. Due to the low average read depth of the ancients, 
genotypes were not called directly. Instead, the program suite ANGSD (Nielsen, 2012) was used 
to compute genotype likelihoods using the SAMtools model and called SNPs via its estimation 
of allele frequencies. Each alignment used in the estimation was filtered for a minimum mapping 
quality of 30, a minimum base quality of 20, trimmed at each end for 5 bp to minimize biases 
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from DNA deamination, and a minimum p-value threshold of 10-6. Sites were also filtered for 
violation of a one-tailed test for Hardy-Weinberg Equilibrium at a p-value < 10-4 (Shan, 2005).  
 
DNA damage patterns 
DNA damage (type I and type II) was assessed by comparing T–C/G–A and C–T/A –G 
transitions, respectively using MapDamage 2.0 (Jonsson et al., 2013). A specific pattern of DNA 
damage has been identified in other ancient DNA studies (Rasmussen et al., 2010; 2011). These 
studies show a pattern of increased type II DNA damage at the beginning and end of degraded 
DNA fragments. The MapDamage results show signatures of DNA damage, consistent with use 
of both the AT overhang library technique and blunt end (Seguin-Orlando et al., 2013), which 
suggests that the ancient sequences originate from ancient DNA templates and not modern 
contaminants (Fig. 16).  
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Figure 16. DNA damage patterns for the ancient individuals. Random subset of all mapped reads for each 
ancient individual.  The mismatch frequency is relative to the reference as function of read position, C to T in red 
and G to A in blue. 
 
Contamination Estimates  
In order to estimate contamination across the genome-wide data, the ContEst tool was used 
(Cibulskis et al., 2011). This uses a Bayesian approach to calculate both the posterior and the 
maximum a posteriori probability of contamination level within a BAM file of an individual. 
This method has been shown effective in detecting contamination in exomes with low coverage. 
All ancient samples demonstrated contamination at or below 1%, except for sample 163 (Table 
9). Due to the error issues associated with such a contamination level in detecting mutations, the 
sample was not used in the statistical analyses. HapMap_3.3 global populations frequencies for 
each SNP, mapped to b37, were used for the estimates.  
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Ancient 
Sample 
Contamination Estimate Level at 
95% Confidence 
Confidence Interval 
95 Low 
Confidence Interval 
95 High 
Sites 
125 0.6% 0.4% 0.7% 3221 
158 0.4% 0.3% 0.5% 3957 
163 5.8% 5.4% 6.3% 2497 
167 0.8% 0.7% 0.9% 3097 
168 0.8% 0.8% 0.9% 2991 
181 0.6% 0.6% 0.7% 2416 
300 0.7% 0.7% 0.8% 3094 
302 0.3% 0.2% 0.4% 3693 
311 0.1% 0.1% 0.2% 2605 
318 0.4% 0.4% 0.5% 3501 
322 0.7% 0.7% 0.9% 2627 
357 0.5% 0.5% 0.6% 3402 
365 0.8% 0.8% 0.9% 3139 
386 0.3% 0.2% 0.4% 3441 
406 0.8% 0.8% 0.9% 3309 
412 0.4% 0.4% 0.5% 2835 
413 0.7% 0.7% 0.8% 3740 
443 0.4% 0.3% 0.5% 3471 
468 0.8% 0.8% 0.9% 2563 
470 0.5% 0.4% 0.6% 3819 
507 0.1% 0.1% 0.2% 2899 
516 0.1% 0.1% 0.2% 2827 
525 0.2% 0.2% 0.3% 3726 
532 0.2% 0.1% 0.3% 2645 
939 0.1% 0.1% 0.2% 2074 
 
Table 9. Ancient sample contamination estimates.  
 
Multidimensional scaling (MDS) applied to exome sequencing data 
For this analysis all transitions were removed from each population to mitigate possible biases 
due to DNA damage. For each sample, a single read was sampled uniformly at random at each 
site and the allele sampled was representative of the individual at that site. An allele sharing 
distance matrix was created as in Raghavan et al. (2014a), and classical multidimensional scaling 
was applied to the matrix.  
 
Clustering Analysis of the ancient and living individuals with the 1,000 Genomes and 
contemporary Native American populations 
To assess the genetic relationship of the ancient and living to each other and global populations, 
genome-wide data was compared from phase 3 of the 1,000 Genomes projects (YRI=112, 
CEU=90, CHB=109), three living Native American populations from South America (Maya, 
Surui, and Karitiana), and two ancient Native American individuals (Anzick (Rasmussen et al., 
2014) and Saqqaq (Rasmussen et al., 2010)). For the following analyses, transitions were 
removed from each population to mitigate possible biases due to DNA damage. A total of 36,745 
SNPs were used from the ancients and 32,827 from the living.  
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The program ADMIXTURE (Alexander et al., 2009) was used to assess model-based estimation 
of global ancestry. The runs for K=2 through K=5 are shown in figure 11c. At K=5 the ancients 
show a major genetic component depicted in gray (Fig. 11c). This component is also in the 
ancient and living Native American populations, suggesting a linked ancestry. It should be noted 
that the gray genetic component decreases as the populations move south, while the ancient 
Saqqaq individual from Greenland shares very little, suggesting a different migration wave.   
 
Next, the genetic relatedness was assessed of the ancients to each of the living populations 
covered in phase 3 of the 1,000 genomes project, as well as the South American populations and 
ancient Saqqaq mentioned above, by computing outgroup f3-statistics (Raghavan, 2013).  This 
statistic shows the genetic sharing between two populations as they diverge from 0, with respect 
to their unrooted history with the designated outgroup. Pairwise affinities were compared to 
either the ancients, living, Saqqaq, Great Britain, or Han to the affinities of either the ancients, 
Karitiana, living, or Saqqaq. When compared to the Saqqaq, the ancients show greater affinity to 
the living and South American populations (Figure 17). When compared to the Great Brittan and 
Han populations, the ancients also cluster closer with the Native American populations.   
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Figure 17. Top: Pairwise outgroup f3 statistics comparisons using PRH Ancients and Karitiana on the x-axis and the 
Tismshian, Great Britain, and Saqqaq on the y-axis. Bottom: Pairwise outgroup f3 statistics comparisons using the 
Tsimshian, Saqqaq, PRH Ancients and Karitiana on the x-axis and the Han Chinese, Great Britain, and Saqqaq on 
the y-axis.  
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In order to relate the ancients to global populations, using the same whole genome data described 
above, maximum likelihood trees were generated with TreeMix (Pickrell and Pritchard, 2012). 
Figure 11b depicts a maximum likelihood tree with a single migration event. The Native 
American populations split off from the Asian populations, with the exception of the Saqqaq, 
which, as noted above, may be due to a distinct migration. The Mayan are branched off from the 
other Native American groups, likely due to heavy admixture. The ancient Anzick individual 
seems splits off from the ancients and living. Again, this may be due to a different migration, 
where Anzick is ancestral to the Surui and Karitiana populations and the ancients are ancestral to 
the living. Figure 18 also generated by TreeMix, shows a residual fit plot from the maximum 
likelihood tree in Fig. 11b. Residual scores above zero represent populations that are more 
closely related to each other than in the tree. This excess relatedness can be indicative of 
admixture events. The living have very strong residuals across the European populations, 
indicating a possible admixture event between the two populations. The living and the ancients 
also exhibit an extreme residual, which demonstrates their ancestral link.  
 
 
Figure 18. TREEMIX residual with a single migration event.   
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Selection Scans 
To detect regions under selection in both the ancient and the living, the Population Branch 
Statistic was utilized (PBS; (Yi et al., 2010)). This statistic has proven powerful in detecting 
hypoxia adaptation in high altitude populations(Yi et al., 2010; Huerta-Sanchez et al., 2013). 
This statistic uses three populations with an evolutionary relationship depicted in Figure 19. The 
1,000 Genomes Beijing Han population (CHB) is assumed to be the outgroup to the living and 
the ancient.  
 
Under a scenario where the evolutionary forces are a factor of genetic drift, increased genetic 
similarity between the ancient and the living is expected, as compared to the ancient and the Han 
or the living and the Han. However, if local adaptation occurred to the differing ecological 
landscapes (e.g. pathogens) of pre and post colonial environments of the Americas, then it is 
expected that loci will be highly diverged between the ancient and the living. 
 
 
Figure 19. Selection signal from the HLA-DQA1 gene.  (A) The branch lengths of the FST-based genomic average 
between the three comparative populations. (B) The branch lengths for HLA-DQA1, with the branch for the PRH 
Ancients exhibiting strong differentiation. 
 
Gene annotation were derived from RefSeq (http:// genome.ucsc.edu/), utilizing the longest 
RefSeq identifier. FST was calculated as in Reynolds et al.(Reynolds et al., 1983).  
For the Ancient PBS was calculated as follows: 
 𝑃𝐵𝑆!"#$%"&' = !!,!!!!,!"#!!!,!"#!  
 
where 𝑇!"#,! = −log  (1− 𝐹!"!"#,!) is an estimate of the divergence time between the ancient 
and the living individuals, as are the other Times, respective of their comparative populations. 
For detecting selection in the living , the following formula was employed: 
 
CHB
TsimshianPRH Ancients
CHB
Tsimshian
PRH Ancients
(A) (B)
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PBS was calculated for each gene with the requirement that a focus SNP was accompanied by a 
FST calculation based on at least 10 alleles from each population. Transitions were not removed 
due to their potentially informative value in this analysis. However, DNA damage across the 
ancient dataset is evident at very low frequency and does not affect more than 3 individuals at 
any one particular site. Therefore, the requirement for 10 alleles will prevent DNA damage from 
entering the selection calculus. Both variants and monomorphic sites were used. 
 
Since the Treemix simulations (Figure 11b) indicate a likely admixture event between the living 
and Europeans, the Living were corrected for admixture with the method described in Huerta-
Sa ́nchez et al. (Huerta-Sanchez et al., 2013). The correction functions to limits the rate of false 
positive selection signals from admixture by creating a pseudo-unadmixed allele frequency for 
the Living.  
 
 
HLA-DQA1 SNP Confirmation  
The HLA-DQA1 SNP showing the highest frequency changes (located at positions chr6: 
32605189 and chr6: 32605197) between the ancient and living were confirmed via Sanger 
sequencing from 18 of the ancient individuals (Table 10, Fig. 20). The remaining 7 ancient 
samples either did not amplify in the specified region or the sequence was not readable. The 
extraction method was the same as described above. Forward and reverse PCR primers were 
constructed as follows: CCTCACAATTACTCTACAGCTCAG and 
CTCATGCACTCACCCACAA.  
 
PCR reactions were performed with 25ul of Q5 High-Fidelity 2X master mix (New England 
Biolabs, Ipswich, MA), 0.2µM of each PCR primer, 3% DMSO (New England Biolabs, Ipswich, 
MA), and 0.2mg/ml BSA (New England Biolabs, Ipswich, MA). PCR conditions were as 
follows: 30s at 98°C, 50 cycles of 10s at 98°C, 30s at 60°C and 30s at 72°C, with a final 
extension at 72°C for 2m.  
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Gene 
Segment Chr Position 
Ancestral 
Allele 
Derived 
Allele Function 
PRH 
Ancient 
Frequency 
Living 
Frequency 
CHB 
Frequency 
UTR5 6 32605216 G A N/A 1 0.43 0.11 
exonic 6 32605257 C A nonsynonymous  1 0.55 0.51 
UTR5 6 32605197 G A N/A 1 0.41 0.16 
UTR5 6 32605189 A G N/A 1 0.37 0.46 
exonic 6 32605271 C T synonymous  1 0.42 0.12 
exonic 6 32609173 G C synonymous  0.89 0.67 0.79 
exonic 6 32609181 T C synonymous  0.84 1 1 
exonic 6 32609192 A G nonsynonymous  0.77 0.27 0.14 
exonic 6 32609172 G A synonymous  0.11 0 0 
exonic 6 32605284 G A nonsynonymous  0.10 0.05 0.12 
exonic 6 32609161 G A nonsynonymous  0.06 0 0 
exonic 6 32605264 G A nonsynonymous  0.04 0.05 0 
exonic 6 32605266 G A nonsynonymous  0 0.04 0.06 
exonic 6 32609199 G A synonymous  0 0 0.02 
UTR5 6 32605207 G C N/A 0 0.55 0.49 
exonic 6 32609195 G A nonsynonymous  0 0 0.28 
Table 10. Population Frequencies for the HLA-DQa1 SNPs.  
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Figure 20. Confirmation of HLA-DQA1 high frequency SNPs via Sanger sequencing in 18 of the ancient 
individuals.  
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Demographic Model 
Parameters for the demographic model (Fig. 21) were inferred with FastSimCoal2 (Excoffier et 
al., 2013). 100 optimizations were run for the inferred values. The optimizations utilized a multi-
dimensional SFS containing the CHB, ancient, and living samples. The GBR served as a ghost 
population in the model. This SFS contained 7.4 Mb monomorphic and polymorphic sites based 
on hg19 potential synonymous sites, where data was reported for each individual. The mutation 
rate was set to 2x10-8. A parametric bootstrapping approach was used to construct the 95% 
confidence intervals. The approach called for 40 sets of simulated data, using the parameter file 
with the best likelihood from the 100 optimizations. The data was simulated with an effective 
sequence length of 7.4 Mb and a mutation rate of  2x10-8.  Each of the simulated data sets were 
put through 100 optimizations, taking the best likelihood parameters from each of the 40 sets of 
runs. The inferred parameters and confidence intervals are listed in Table 11.  
 Parameter	  	   Inferred	  Value	   95%	  CI	  
NA_Split_CHB_Ancients 242 (Diploid Individuals) 156-767 
NAncients 11,320 (Diploid Individuals) 6,452-14,679 
NLiving 2,195 (Diploid Individuals) 1,372-7,035 
TSplit_CHB_Ancients 14,800 years 13,925-16,750 
TBottleneck_European_Contact 150 years 125-225 
Table 11. Parameter estimated for the model displayed in Figure 21. 
 
                          
Figure 21. Demographic Model. Best fitting model depicting the Living bottleneck after European colonization 
and the subsequent admixture with Europeans. Fixed demographic parameters are from (Gravel et al., 2011)and 
admixture parameters from (Verdu et al., 2014). The inferred parameters are in green.  
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CHAPTER 4 
 
PATTERNS OF CODING VARIATION BETWEEN ANCIENT AND LIVING NORTH 
AMERICAN INDIGENOUS PEOPLES REVEAL UNEXPECTED EFFECTS OF EUROPEAN 
COLONIZATION 
 
 
Abstract 
 
Standard theoretical models suggest that the effects of European colonization on the genomes of 
Native Americans should have produced excesses of potentially deleterious features, mainly due 
to the severe reductions in population size and the associated loss of genetic diversity. These 
models do not, however, take into account actual genomic patterns that existed before 
colonization; nor do they adequately capture the effects of non-native admixture with indigenous 
populations. In this study, we analyze the whole-exome sequences of a Northwest Coast Living 
with a demographic history characteristic of other indigenous populations from the Americas. 
We compare this with the exomes of their presumed ancient ancestors. Contrary to standard 
theoretical expectations, we show that in approximately ten generations from initial European 
contact, the living indigenous individuals show reduced levels of private and rare variants, 
reduced levels of potentially deleterious alleles, and increased levels of heterozygosity, when 
compared to their ancestors. This pattern, which is unexpected after such a dramatic population 
decline, can be explained by certain mitigating factors, including the increased genetic diversity 
stemming from admixture with non-native groups. This study examines the genomic 
consequences of colonialism on an indigenous population and describes the role of gene flow in 
rapidly mitigating deleterious features.    
 
Introduction 
 
The indigenous populations of the Americas suffered extensive population declines caused by 
modern European contact. Although the precise extent of this decline is contested (Thornton et 
al., 1991; O'Fallon and Fehren-Schmitz, 2011), and likely varied with local circumstance 
(Patterson and Runge, 2002), these events should have affected the genetic variation within 
surviving indigenous populations. These effects are, however, further complicated by patterns of 
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gene flow from non-native immigrant groups. Although previous studies have explored the 
genetic diversity of contemporary Native American populations (Wang et al., 2007; Gravel et al., 
2011; Hunley and Healy, 2011; Reich et al., 2012; Verdu et al., 2014), the effects of colonization 
have not been examined with the aid of studies concerning ancient Native American genetic 
diversity. Here we examine the effects of colonization by comparing the genomic patterns of a 
single indigenous population from two different time frames: before and after European contact. 
 
Broadly speaking, genetic variation among human populations can result from many different 
sources, including random processes (e.g., genetic drift), natural selection, and differences in 
demographic histories (Cavalli-Sforza and Feldman, 2003). With the advent of cost-effective, 
whole-exome sequencing, it has become easier to study genome-wide patterns in many 
individuals simultaneously. Statistical analysis of large data sets can be used to reconstruct key 
events in human evolutionary history. These include events such as the initial and widely-
accepted Out of Africa dispersal, as well as numerous founder effects and population expansions 
that subsequently occurred as early humans spread throughout the globe (Li et al., 2008; 
Lohmueller et al., 2008; Coventry et al., 2010). This has resulted in the identification of 
demographic events discernable from the allele frequency spectra in various global populations 
(Keinan and Clark, 2012; Tennessen et al., 2012; Casals et al., 2013). For example, the 
accumulation of rare variants within a single modern population has been interpreted as evidence 
of a past demographic bottleneck coupled with subsequent population growth (Gravel et al., 
2011; Nelson et al., 2012; Casals et al., 2013). With this type of demographic process, the 
variants in question tend to reflect increased putatively deleterious alleles in the coding regions 
of the genome (Tennessen et al., 2012). The accumulation of potentially deleterious alleles can 
be greatly amplified if the evolutionary time scale of the demographic event that caused them is 
relatively short and if purifying selection has had insufficient time to act on them (Casals et al., 
2013). 
 
Some facts about population history can also be inferred from individual genomic data. For 
example, it is now common to study runs of homozygosity (ROH), which are defined as long 
stretches of homozygous genotypes in an individual genome. The presence of these homozygous 
regions can provide information on aspects of population history. This is because the length of 
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ROH can be used to infer the relative age of these segments and the processes that likely 
generated them (Pemberton et al., 2012; Szpiech et al., 2013). When combined with other 
genomic patterns, such as site frequency spectra, ROH studies provide additional, powerful tools 
for understanding the evolutionary histories of populations.  
 
Inferring the demographic history of indigenous populations in the Americas has proven difficult 
due in part to its multi-faceted nature—which, we now know, involved at least a combination of 
bottlenecks, founder effects, population growth, and recent non-indigenous admixture. The short 
evolutionary timescale of the effects caused by European colonization further complicate the 
picture since most of the population level genomic patterns previously identified involve much 
longer periods of time, spanning thousands of years instead of hundreds (Consortium et al., 
2010; Gravel et al., 2011; Creanza et al., 2015). Many of the statistical methods used to identify 
these patterns are, accordingly, best suited to identify demographic patterns that emerge over 
longer periods of evolutionary time. Hence, while early Native American migrations have been 
thoroughly explored (Reich et al., 2012; Gravel et al., 2013), as have the admixture effects of 
colonization (Wall et al., 2011; Moreno-Estrada et al., 2013; Verdu et al., 2014), these recent 
admixture events have not yet been studied with the aid of comprehensive data concerning 
patterns of ancient genomic diversity in these populations. As shown below, this type of analysis 
reveals novel features of the genomic patterning that arose from this most recent chapter of 
Native American history. 
  
The genomic patterns of the Northwest Coast Living population before and after European 
contact 
The data in this study offer a unique opportunity to compare the genomic patterns of an ancient 
indigenous population from the Americas (i.e., before any effects of European colonization) with 
the genomic patterns of their living descendants. Through this comparison, we can study the 
genomic evolution of a single population through time. We can identify the changes in genomic 
patterns that have resulted from multiple demographic processes—including some that took 
place over a relatively short period of time in more recent history.  
 
To that end, we analyze the whole-exome sequence data from the Northwest Coast Living 
individuals and compare various population level statistics and genomic patterns to those of their 
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presumed ancient ancestors—dating to before European contact. This analysis offers an enriched 
understanding of the genomic impact of the special demographic histories experienced by the 
indigenous populations of the Americas. Speaking in broadest terms, and as shown in Figure 1, 
this demographic history includes a founder effect during the initial peopling of the Americas, a 
long period of relative isolation of the ancestral population from other global populations, a 
population expansion during this period of relative isolation, a dramatic population bottleneck 
during European colonization, and some recent admixture with non-native groups (Mulligan et 
al., 2004). 
 
                            
Figure 22. Illustration of the demographic history of an indigenous population from the Americas. 
   
The predominant prediction, with respect to a population that has undergone a recent and severe 
bottleneck, would be to find a reduction in overall fitness between modern and ancestral 
populations, with some evidence of this at both the individual and population level 
(Charlesworth and Charlesworth, 2003; Grueber et al., 2008; Charlesworth, 2009). This is 
because population bottlenecks typically lead to a decrease in heterozygosity due to reductions in 
effective population size (Fox et al., 2008; Bouzat, 2010). Another potential outcome of a 
population bottleneck is an increase in stretches of homozygous genotypes, known as runs of 
homozygosity (Gibson et al., 2006; Pemberton et al., 2012). The frequency of homozygous 
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segments on an individual level is typically positively correlated with consanguinity (and hence 
with reductions in population size of a single, related population) but can also arise from other 
features of demographic history. For example, population bottlenecks, small effective population 
size, geographical isolation, the degree of endogamy (within population marriage), have all been 
theorized to effect observed genome-wide patterns of homozygous segments (Woods et al., 
2006; Kirin et al., 2010; Humphreys et al., 2011).  
 
Ancient Sample Site Burial 
Conv 14C 
Years BP  
Standard  
Error 
Calendar 
Years BP 
Dated via Associated 
Cultural Remains 
125 Garden XVII-B-125 2260 40 2288±58  
158 Garden XVII-B-158  2990 50 3179±83  
163 Dodge XVII-B-163 n/a n/a n/a "Pre-contact" 
167 Garden XVII-B-167 n/a n/a n/a cal 800 to 350 BC 
168 Dodge XVII-B-168 2650 75 2760±60  
181 Garden XVII-B-181 2620 40 2743±20  
300 Parizeau XVII-B-300  1650 75 1544±88  
302 Parizeau XVII-B-302  2440 75 2498±142  
311 Boardwalk XVII-B-311 2090 60 2058±87  
318 Boardwalk XVII-B-318 1550 50 1432±68  
322 Boardwalk XVII-B-322 2050 50 2003±65  
357 Boardwalk XVII-B-357 n/a n/a n/a cal 50 BC to 690 AD 
365 Boardwalk XVII-B-365 2270 65 2290±75  
386 Boardwalk XVII-B-386 1060 40 962±33  
406 Boardwalk XVII-B-406 n/a n/a n/a cal 50 BC to 690 AD 
412 Boardwalk XVII-B-412 1940 40 1883±40  
413 Garden XVII-B-413 1970 40 1913±42  
443 Boardwalk XVII-B-443 1820 55 1750±70  
468 Lachane XVII-B-468 1940 45 1883±46  
470 Lachane XVII-B-470 1600 40 1488±52  
507 Baldwin XVII-B-507 2320 60 2335±61  
516 Baldwin XVII-B-516 n/a n/a n/a cal 300 BC to 440 AD 
525 Boardwalk XVII-B-525 1860 40 1800±51  
532 Baldwin XVII-B-532 n/a n/a n/a  3200 to 1500 BP 
939 Lucy XVII-B-939 5710 40 6487±50  
Table 12: Archaeological context of the ancient individuals from PRH and Lucy Island.  
 
Results 
 
Through the use of exome sequencing, we set out to investigate how the patterns of genetic 
variation in a Native American population have been altered before and after European contact. 
Using previously described data (Lindo et al. 2015), we detected 59,858 high-confidence SNPs 
from 25 living individuals from the Northwest Coast First Nation ("living") and 60,973 from 25 
of the PRH and Lucy Island ancient individuals ("ancient"), derived from 62 Mb of targeted 
regions. Due to the uncertainty of low frequency transitions in the ancient individuals that may 
be a result of DNA damage, transition frequencies below 0.10 were removed in both data sets 
(see Methods).  
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Compared to the ancient individuals, the living have higher levels of heterozygosity within 
coding regions (living 30% vs. 27% for the ancient, on average) (Table 13). This observation is 
inconsistent with expectations for a population that has experienced a recent and dramatic 
intervening bottleneck. We also extended the heterozygosity measure to calculate changes in 
effective population size through time, which included the 10,300 year old OYKC sample 
described in chapter 2 (Fig. 23). We see a significant correlation between increasing effective 
population size and increasing time BP (Kendall's τ, P< 0.0001). The population exhibits a 
general trend of population decline before European contact, which has been observed in other 
studies of indigenous populations of the Americas (Mulligan et al., 2008). There is also variation 
in the ancients within particular archaeological sites, which may suggest local demographic 
factors at play. The living individuals similarly show variation in effective population size, 
which may correlate to varying levels of gene flow from non-native groups.  
 
         
Figure 23. Effective population size through time. The ancient individuals are color-coded according to their 
burial sites. The OYKC is an ancient individual from present day Alaska, which dates back to approximately 10,300 
calendar years BP (see Chapter 2).  
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Next, we examined the derived frequency spectrum (Fig. 24). The ancient individuals show a 
significant increase over the living in variants below a frequency of 0.2. This result is likely due 
to a population expansion after the founder effect from the initial peopling of the Americas. 
Further evidence for this early expansion, which is consistent with the archaeological evidence, 
arises from the fact that the ancient individuals exhibit lower Tajima D values than the living 
Living (z-test P = 1.73e-6; Table 13). In comparison, the living allelic distribution suggests the 
potential loss of low-frequency variants.  
 
 Individuals Total 
SNPs 
Coding  
SNPs  
Functional 
SNPs 
Average 
Depth 
Het Tajima's 
D 
Ts/Tv 
Living 25 59,858 28,727 11,430 8.79 0.3 1.10 3.259 
Ancient 25 60,973* 31,205* 16,071 6.95 0.27 0.77 3.833 
Shared  40,069 19,088 8,061     
Table 13. Genetic measures for the 62 Mb targeted regions for the living and ancient individuals. 
Heterozygosity was measured per individual at variants sites. Tajima’s D was measured as an average across coding 
sites, with a minimum of 5 variants. Depth was calculated per individual using coding sites. Ts/Tv designates the 
transition/transversion ratio within coding regions; a ratio above 3 is expected (Fu et al., 2012). *These totals are 
with the removal of transitions below a frequency of 0.1, which are potentially due to DNA damage.  
 
 
Figure 24. Derived allele site frequency spectra. Spectra depict the synonymous (a) and nonsynonymous (b) 
derived allele frequencies of the ancient and the living individuals. 
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Of the combined SNPs, 49% are shared between the ancient and living. This percentage drops to 
41%, however, when comparing functional SNPs (viz., nonsense, missense, and splice sites) 
(Table 14), which are enriched for alleles with frequencies of less than 20%. This genetic feature 
is especially pronounced in the ancient individuals with respect to the living. Despite disparate 
features between the two sampling time frames (i.e., before and after European contact), a look 
at the FST scores corresponding to the 40,069 shared variants between the ancient and 
contemporary individuals remains low (FST=0.027), which is indicative of low genetic 
differentiation.   
 
 Total SNPs Functional  SNPs Private SNPs 
Private Possibly and 
Probably Damaging 
Living 59,858 11,430 1,032 175 
Ancient 60,973 16,071 13,539 3,514 
Shared 40,069 8,061 242 40 
Table 14. Shared Variants between the ancient and living individuals for the 62 Mb targeted sites. Private 
SNPs were calculated by filtering SNPs from dbSNP 142 and the 1,000 Genomes variants from the October 2014 
release. Damaging sites were calculated with PolyPhen2. 
 
                        
Figure 25. Derived allele frequencies at functional sites. Comparison of the derived allele frequency of functional 
sites (falling within the exon) between the ancient and living individuals. Both sets of individuals had transitions 
below 0.1 removed to safeguard against bias from damaged sites in the ancient.  
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When examining the derived frequency of functional SNPs, the ancient PRH individuals exhibit 
an excess of variants below a frequency of 0.2 (Fig. 25), as compared to the living. Because 
these differences are considerable, we discuss the effects of these variants. We do this, first, by 
testing for differences in the ratio of missense to synonymous changes within the derived site 
frequency spectrum (SFS) (Fig. 24). The missense to synonymous ratio of 1.92 in the ancient 
individuals, for SNPs with a frequency below 0.1, points to a major fraction of potentially 
deleterious SNPs. The same ratio in the living is 1.17 (z-test P <.0002), thus suggesting a 
significantly larger proportion of rare mutations at missense sites in the ancient individuals. This 
difference between the two sampling time frames is pronounced, especially when compared to 
previous findings from other global populations (~1.37 - 1.49), as well as theoretical 
expectations (~2.2) (Kryukov et al., 2007; Casals et al., 2013). For the more common variants, 
with frequencies greater than 0.2, the ancient and living individuals exhibit, however, similar 
missense to synonymous ratios to each other.  
 
Second, because previous studies predict that rare nonsynonymous variants tend to be deleterious 
(Bodmer and Bonilla, 2008; Coventry et al., 2010; Tennessen et al., 2012), we consider whether 
this difference between the missense/synonymous ratios correlate to a shift in the burden of 
potentially damaging alleles (Casals et al., 2013). To assess this possibility, we examine the 
predicted effects of nonsynonymous variants using Genomic Evolutionary Rate Profiling 
(GERP) (Cooper et al., 2005). GERP is a conservation measure, calculated across 34 mammalian 
species, and can be used to annotate potentially damaging effects of genetic variants inferred 
through the level of constraint. Neutral sites tend to score near zero, whereas constrained sites 
generally score positively. Using this measure, the ancient individuals demonstrate evidence for 
an excess of potentially damaging mutations below a frequency of 20%, when compared to the 
living (Fig. 26). 
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Figure 26. Excess of functional variants in the ancient individuals. a) Ratio of nonsynonymous to synonymous 
changes in the ancients and living individuals for variants grouped by minor allele frequency. b) Average GERP 
score of the functional changes for each frequency class in the ancient and living individuals.  
  
 
Figure 27. PolyPhen2 Classification of high-confidence SNPs in each population. PolyPhen2 predicts possible 
impact of an amino acid substitution on the structure and function of a human protein. The living individuals show a 
reduced proportion of probable and possible damaging sites, when compared to the ancient. 
 
Fourth, we examine the number of private variants in both the ancient and living individuals. We 
define private variants as those that are not found in the phase 3 release of the 1,000 Genomes 
Project (www.1000genomes.org) or dbSNP 142 (http://www.ncbi.nlm.nih.gov/SNP/). The 
ancient individuals show an excess of private alleles, when compared to the living (Fig. 28a). 
This is likely due in part to the overall loss of genetic variation caused by the population 
bottleneck associated with European colonization. The living individuals show, however, a 
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significant decrease in the portion of possibly or probably damaging sites within these private 
alleles, when compared to the ancient (Fig. 28b; living 0.17, ancient 0.26, z-test P < .0001). 
Previous studies have found that rare and private alleles tend to be of a deleterious nature and 
may have arisen due to population expansions following bottlenecks or founder effects (Nelson 
et al., 2012; Tennessen et al., 2012; Torkamani et al., 2012). It is thus possible that the relative 
stability in population size, since the Living’s initial recovery from the colonization bottleneck, 
slowed the introduction of rare and potentially damaging alleles into the population.  
 
Figure 28. Fraction of private variants that are predicted to be damaging by PolyPhen2. 
All transitions below a frequency of 0.1 were removed to guard against bias from low frequency DNA damage. a. 
Private variants are defined as variants that appears only in a single population, with respect to the reference. The 
reduced levels of private alleles in the living vs. the ancient may represent the loss of allelic diversity after the 
population bottleneck associated with European colonization. b. The private missense variants are split into 
PolyPhen2 predictions of benign and damaging (either possibly or probable). The ancient individuals show a large 
fraction of potentially damaging alleles when compared to the living.   
 
Finally, we examine comparative data concerning runs of homozygosity (i.e., ROH). Previous 
work has categorized ROH in many ways, ranging from lengths in base pairs to the minimal 
number of markers needed to describe a homozygous region (Gibson et al., 2006; Auton et al., 
2009; Howrigan et al., 2011; Pemberton et al., 2012). For this study, we followed the model set 
by Pemberton et al. 2012	   (Pemberton et al., 2012) and used a mixture of three normal 
distributions representing three classes of ROH: class A (< 500 kb), class B (500-1500kb), and 
class C(>1500kb). Each of these classes has their own distinct demographic and cultural 
0
2000
4000
6000
8000
10000
12000
14000
    Ancient Living
Pr
iv
at
e 
Al
le
le
 C
ou
nt
a
	   74	  
possibilities as to how they arose within an individual’s genome (Table 15). The boundary 
differences between the ancient individuals are shown in Figure 29a. The method for calculating 
ROH from each exome took into account the special features of ancient DNA so as to prevent 
the loss of ROH detection from spurious heterozygous sites caused by DNA damage (see 
Methods).  
Table 15. Class sizes and evolutionary significance.   
 
On assessing the ROH genomic patterns between the ancient and living individuals, the first item 
of significance is an increase in the percentage, with respect to the total ROH, of class C in the 
living (26%), when contrasted with the ancient (14%) (z-test P < .0001). This may be a 
consequence of increased identity-by-descent inheritance of identical segments and subsequently 
decreased variation within these segments. This would be evident in much longer segments (i.e., 
class C ROH), which are younger and have had insufficient time to be broken up by 
recombination. The distribution of class A segments is also significantly different between the 
ancient (73%) and the living (61%) (z-test P < .001). This difference may be due to the recent 
bottleneck, which may have resulted in the loss of small homozygous segments. This is also 
reflected in the density distribution of smaller homozygous fragments, which shows an increase 
in the ancient individuals (Figure 29b). 
 
 
 
 
 
 
 
 
 
ROH 
Class 
Mean 
Size (Kb) 
Percentage 
of Total ROH 
Demographic and Cultural Associations 
A Living     164 
Ancient   174 
Living       61% 
Ancient     73% 
Ancient. May be the remnants of 
linkage disequilibrium (LD).  
B Living      776 
Ancient    759 
Living       13% 
Ancient     13% 
Intermediate formation. May also be the 
result of LD but on a younger evolutionary scale.  
C Living      2,126 
Ancient    1,985 
Living       26% 
Ancient     14% 
Formed recently. May represent  endogamous 
marriages and/or major shifts in demography. 
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Figure 29. Genomic patterns of homozygosis regions between the ancient and living individuals. a. Mean size 
of ROH classes and boundaries between classes. Dotted lines and stars indicate the limit and mean size of class A, 
respectively. Solid lines and squares indicate the limit and mean of class B, respectively. Dashed lines and ellipses 
describe the limit and mean of class C, respectively. b. Gaussian kernel density estimates of the ROH size 
distribution in the ancient and living individuals. c. Distribution of total ROH lengths over all individuals in each 
population, for all three classes combined. 
 
Turning to individual level data, the genome percentage covered by ROH is on average higher in 
the ancient than in the living (t-test, p < 0.004) (Fig. 30). This difference in distributions is also 
reflected in the total ROH mean per individual, where the living have significantly lower mean 
totals, with respect to the ancient (Fig. 29c). These genomic patterns may be the result of two 
recent demographic factors. First, the post-colonization bottleneck may have caused some loss of 
ancient homozygous fragments within the population as a whole, as is reflected in the lower 
percentage of class A ROH in the living individuals. The second factor may involve the shared 
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ancestry between the living and European immigrant communities, occurring after contact 
(Verdu et al., 2014). The resulting gene flow may have decreased the distribution of ROH in the 
living by increasing the heterozygosity between genetic segments as a consequence of the 
increased genetic variation. 
 
 
 Figure 30. Individual runs of homozygosity. Percentage of individual genomes covered by different ROH classes.  
   
When comparing the number of potentially deleterious alleles within runs of homozygosity that 
are either probably or possibly damaging according to PolyPhen2 classification, we see a 
comparative surplus in the ancient individuals over the living individuals within each class (Fig. 
32b). For class A ROH, we find that for the smaller and most ancient segments, the proportion of 
damaging sites is significantly higher in the ancient individuals (ancient, 0.38; living 0.12; z-test 
P <.0002). Despite having similar run totals for class B (Fig. 32a), the living individuals show a 
significant decrease in deleterious sites (ancient, 0.21; living 0.12; z-test P <.0002). Turning to 
the largest and most recent runs of homozygosity, class C, we find a similar pattern. Here the 
living individuals exhibit a lower proportion of damaging sites than the ancient (ancient, 0.22; 
living 0.13; z-test P <.0001), despite having little difference in run totals.	    
0
0.1
0.2
0.3
0.4
53
2
52
5
51
6
44
3
50
7
35
7
93
9
32
2
47
0
40
6
41
3
46
8
15
8
41
2
30
0
36
5
16
7
31
1
38
6
31
8
18
1
12
5
16
8
30
2
16
3
T0
12
T0
23
T0
24
T0
28
S0
01
T2
01
T0
54
T0
18
T0
66
T0
04
S0
02
T0
60
T0
36
T0
08
T0
59
T0
52
T2
00
T0
26
T0
67
T0
61
T0
58
T0
15
T2
02
ROH Class A
ROH Class C
ROH Class B
G
en
om
e 
Co
ve
ra
ge
 %
Ancient Living
	   77	  
   
Figure 31. Potentially damaging sites per ROH class. a) Mean number of ROH in the ancient and living 
individuals. b) Percent of all functional sites that may be potentially damaging within each class of ROH in the 
ancient and living individuals, as predicted by PolyPhen2, combining both probable and potential. The living show 
reduced levels of potentially damaging sites within each ROH class, when compared to the ancient. 
 
Discussion 
 
The effects of European colonization has altered the genomes of Native Americans in multiple 
and dynamics ways. The data discussed in this study suggests that within approximately 9 
generations since the time of European contact, the living have significantly less rare and 
potentially damaging alleles than their ancient ancestors. The differences between the sampling 
time frames can be partially explained by the population expansion that increased the number of 
rare alleles in the ancient individuals, following the initial peopling of the Americas. Although 
the genomic signatures of a human population expansion following a founder effect have been 
explored in other populations (Cooper et al., 2005; Tennessen et al., 2012; Casals et al., 2013), 
the genomic consequences of some more recent and severe demographic events seems to carry 
additional impacts that have thus far been poorly understood. 
 
In particular, while the distribution of allele frequencies in the ancient individuals studied here fit 
the standard theoretical expectations of a recently expanded population, after an initial founder 
effect, the distributions relating to living populations do not. Both theory and observation would 
suggest that after a bottleneck potentially deleterious features would accumulate within the 
population due to a loss of genetic variability (Nei et al., 1975; Chakraborty and Nei, 1977; 
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Salmela et al., 2008; Bouzat, 2010). The living have experienced a relatively recent and severe 
population decline after European contact. This may explain the loss of rare and private alleles 
when contrasted with the ancient individuals and, in turn, the decrease of potentially deleterious 
alleles. The effects of such a recent bottleneck, coupled with slow recovery, is, however, 
typically expected to amplify certain alleles to higher frequency within a population, due to the 
distortion of allele frequencies by genetic drift (Nei et al., 1975). But these expectations are not 
born out in our data. We suggest that these differences between theoretical prediction and 
observation may result from two primary factors: first, the relatively short evolutionary timescale 
within which these events occurred; and, second, because of recent admixture, which may have 
increased genetic diversity and countered the stochastic effects of reduced population size 
(Wright, 1938). Even at very low levels, gene flow from an admixture event has been observed 
to increase genetic diversity by creating hierarchal higher levels of variation stemming from the 
connectivity between two populations (Willi et al., 2006; PALSTRA and RUZZANTE, 2008). 
The Northwest Coast First Nation may have established this increased variation through 
population connectivity, as evidenced from European admixture (Verdu et al., 2014), and we 
believe recent and rapid genomic changes like these need further study in a broader range of 
cases. 
 
Population bottlenecks can also have a different type of effect in terms of the average 
heterozygosity of a population, which is typically expected to decrease due to the associated loss 
of alleles (Nei et al., 1975). This decrease is significantly influenced by the rate of population 
growth after the bottleneck. If the rate of recovery is slow, as in the living, average loss of 
heterozygosity is more pronounced. The living individuals, however, show a larger than average 
heterozygosity than their ancestors (Table 13), as well as great variation in their associated 
effective population size (Fig. 23). This conflicts with the expected heterozygosity recovery time, 
which should be more pronounced given the size of the bottleneck and its recentness 
(Chakraborty and Nei, 1977). Once again, this may be a strong indicator that other demographic 
forces have impacted the living population after the bottleneck, which relates to the population 
connectivity concept just mentioned. Given the severity of the conflict between standard theory 
and observation in cases like this, we believe that phenomena like these deserve much greater 
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attention and study in a broader range of cases relating to the study of human evolutionary 
history. 
 
A clearer picture arises by examining the effect of a bottleneck on runs of homozygosity on the 
individual level within a population. ROH can be structured in large chromosomal segments and 
can occur when an individual’s parents share a relatively recent common ancestor, resulting in 
identity-by-descent (Pemberton et al., 2012). These identical segments, however, can also be the 
result of a much more distant ancestral relationships or possibly random mating, where the 
identical segments are inherited from non-common ancestors, or identical-by-state (Lander and 
Botstein, 1987). Hence, different demographic processes can result in varying sizes of ROH, 
which can, in turn, be indicative of differing demographic processes and/or cultural practices 
governing marriage. If a ROH is due to recent endogamous arrangements, the run will, for 
example, tend to be relatively long since insufficient time has passed for recombination to 
breakup the identical-by-decent structure. Conversely, shorter ROH are likely due to deeper, if 
not ancient, ancestral relations where recombination has had more time to break up these runs. It 
is also possible that some longer stretches of homozygosity persist due to low recombination 
rates in the chromosomal region where these identical segments exist (Howrigan et al., 2011).  
 
As mentioned above, cultural practices can have a significant effect on how these identical 
segments are transmitted through arrangements that either link closely related individuals 
together (e.g., on the cousin level), or restrain the community gene pool to designated members. 
Demographic processes can also affect the runs of homozygosity within a community through a 
more broad geographic isolation, which may increase these identical segments within the 
population by limiting genetic diversity. More dramatic events, such as founder effects and 
bottlenecks can also increase runs of homozygosity by reducing diversity and increasing identity-
by-descent segments that form over time.  
 
The comparison of ROH patterns between the ancient and living is intriguing not only due to 
varying demographic factors, such as isolation and the colonial-era bottleneck, but also due to 
the effects of gene flow derived from non-indigenous groups (Verdu et al., 2014). The ROH 
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patterns taken before and after European contact seem to reflect the overall evolutionary histories 
of Native Americans through the subtle changes in the associated class distributions. 
 
Apart from having demographic associations, ROH can also have genetic consequences by 
harboring potentially deleterious alleles, which can become amplified under certain demographic 
scenarios (Szpiech et al., 2013). Exome sequencing is especially well suited to examine these 
types of alleles because exome sequencing covers the entirety of the genomic coding regions. 
Hence, all changes within these coding regions can be examined simultaneously to detect not 
only changes to the amino acid but also potential harms (viz., by taking into account 
conservation across species and specific biochemical changes to the protein, as in the above 
GERP and Phylophen2 analyses) (Fig. 26, 27). These methods can be extended to identify a 
broader range of potentially damaging alleles within homozygous segments.   
 
The demographic impact of colonization has differentiated the ancient and contemporary 
genomic patterns, in both the site frequency spectrum and ROH. With respect to deleterious 
alleles found in ROH, this may be a more complex scenario since deleterious alleles in a 
homozygous state may unmask its damaging characteristic as opposed to a heterozygous state. 
For example, a damaging allele in a ROH may correlate to a Mendelian recessive disease or 
increase the dosage of a damaging gene. Because of these scenarios, it is unlikely that these 
deleterious alleles will accumulate to any great extent, given the negative viability outcome for 
the individual. Furthermore, if a particular ROH is stable in a population but deleterious, it is 
likely to be purged over time by selection (Szpiech et al., 2013). This study suggests that ROH 
patterns within a population can also be rapidly altered in the presence of admixture and the 
accompanying increases in genetic diversity.  
 
Therefore, the ROH temporal patterns observed here correlate with the same factors that may 
have produced the genomic patterns seen in the allele frequency spectra: the recent bottleneck 
and European admixture. From the general patterns of ROH, we see a strong differentiation of 
class A segments between the two populations, potentially owing to the loss of these small 
segments during the living’s recent population decline. These sites may have contained 
potentially damaging alleles that were not passed on to the living. Furthermore, admixture with 
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European immigrant communities after the bottleneck may have disrupted the transmission of 
these identical patterns via the introduction of new genetic variation. On the other hand, the 
living show similar class C segments with respect to the ancient individuals but lack the expected 
increase in potentially deleterious alleles. This genetic harboring may have been ameliorated by 
the introgression of alleles from the gene flow with Europeans, thereby reducing transmission of 
potentially damaging segments via identity-by-descent.  
 
It should also be noted that the term “deleterious” to describe the potential consequence of an 
allele is problematic when discussing a population as a whole. Here we assess the potential 
damaging effects of an allele in various ways, including the strength of conservation and the 
probability that the function protein itself will be altered. These predictions are, however, mainly 
a tool used by biomedical research to identify a putative disease-causing variant, which are then 
explored further via other approaches. Given the uncertainty that any allele marked as 
“deleterious” actually has a disease outcome, we utilized the predictions to examine changes in 
genomic patterns between two time frames. We do not conclude that ancient Native Americans 
harbored large reservoirs of deleterious alleles but instead demonstrate a fluctuation of a 
particular class of alleles through time. The role of novel variants in a population is largely 
environment-dependent and a negative categorization, especially related to the ancient past, is 
misleading. 
 
In conclusion, Native American evolutionary history is complex and involves a maelstrom of 
demographic processes. Some of these complexities are reflected in the genomic patterns 
observed here in a single Native American population, before and after European contact. Our 
study suggests that while the ancient individuals exhibit the trademark genomic patterns of a 
rapid population expansion following a founder effect, their living descendants have genetic 
patterns that are inconsistent with standard theoretical predictions. Although the effects of the 
recent bottleneck, associated with European colonization, seems to have removed a large portion 
of rare and private alleles from the population, this reduction is not accompanied by the same 
expected increase of potentially deleterious genomic features, such as long stretches of 
homozygous regions. For reasons discussed, this pattern may represent the ameliorating effects 
of European allele introgression caused by admixture.  
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With the use of ancient DNA, we were able to not only uncover the genomic patterns of a 
population representative of the indigenous peoples of the Americas, but also show how the 
effects of European colonization have reshaped these patterns in some unexpected ways in more 
modern times. As human populations continue to intermingle through the effects of globalization, 
this study highlights the effects of increased gene flow on the genomic patterns between 
populations with divergent evolutionary histories. 
 
Methods 
The exome data presented here, both ancient and contemporary, was generated as described in 
Lindo et al. 2015. The final variants and genotypes, consisting of 62Mb of captured nucleotides, 
were called using the ANGSD software suite (http://popgen.dk/angsd). ANGSD is a useful 
method for calling low to medium coverage sequence data since it does not call variants or 
genotypes directly, which can be unreliable with lower read depths (Fumagalli et al., 2013). 
Instead, ANGSD takes into account the genotype uncertainties and sample allele frequencies to 
determine the most likely call (Nielsen et al., 2011). By doing so, ANGSD allows for the 
uncertainty associated with the data’s coverage to be incorporated into the analysis.  
 
Both genotypes and variants were called by pooling individuals from each population, the 
Tsimshian and the Ancient s. For all ANGSD procedures, the ancient sequences were trimmed (-
trim) by 5 bp at each end, to guard against potential DNA damage. To call genotypes, the 
following ANGSD parameters were used: -GL 1 -doMaf 2 -doMajorMinor 1 -SNP_pval-doGeno 
5 -doPost 1 -postCutoff 0.95, -nIND 10, -minMapQ 30 -minQ 30. To call variants the following 
parameters were used: -GL 1 -doMajor 1 -SNP_pval 1e-6 -minInd 10 -doMaf 2 -minMapQ 30 -
minQ 30. The derived allele frequencies were also calculated with ANGSD using the Chimp 
genome aligned to hg19. The parameters were as follows: -doSaf 1 -GL 1 -minMapQ 30 -minQ 
20 -anc -minInd 10.  
 
In order to prevent spurious results due to DNA damage, for all analyses, the final data sets from 
both populations were filtered for transitions (G→A, C→T) that fell under a frequency of 0.1. 
Although this prevented detection of certain rare alleles, we felt that this conservative approach 
was warranted given the excess of low frequency transitions in the ancient dataset, despite 
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sequence trimming. This excess is reflected in the Transition/Transversion ratios (Ti/Tv) before 
and after the low frequency transitions were removed in the ancient data set (9.2 vs. 3.2). The 
Ti/Tv ratio is further exacerbated when examining the allele frequency spectrum below 0.1 
without such filtering (Fig. 32). The same false positive effect can be seen in predicting 
deleterious alleles (Fig. 32). These spurious transitions were amplified in the dataset due to the 
calling of all 25 ancient individuals together coupled with the low frequency nature of damaged 
sites.  
 
To call runs of homozygosity we utilized PLINK (http://pngu.mgh.harvard.edu/~purcell/plink). 
Although other programs are available specifically for calling ROH in exomes, PLINK provided 
the flexibility to use genotypes generated by ANGSD, as well as site filtering for low frequency 
transitions below 0.1. In doing so, we were able to continue using the safeguards against ancient 
DNA damage, which may have spuriously broken up homozygous segments and prevented ROH 
detection in the ancient population. The following PLINK parameters were used to call ROH in 
both populations: --homozyg-density 500 --homozyg-gap 100 --homozyg-kb 10 --homozyg-snp 
25 --homozyg-window -het 1 --homozyg-window-missing 10 --homozyg-window-snp 50 --
homozyg-window-threshold .05. Although PLINK was originally developed to detect ROH from 
SNP chip data, it has proven effective with exomes, especially for detecting larger segments in 
excess of 1500kb (Pippucci et al., 2011; 2014).  
 
Relatedenss between the contempary Tsimshian individuals was measured via the Ajk statistics 
using VCFtools (Danecek, 2011). Two Tsimshian individuals (T057 and T058) showed a 
relatively high relatedness to each other (score = 0.5) and were removed from the analysis. The 
remaining pairwise comparisons show an average relatedness score of 0.04, with 0 being non-
related and 1 being self. 
 
To determine coding variants, GERP scores, PhyoPhen2 classification, and private alleles (via 
1,000 Genomes and dbSNP filters), the annotation suite ANNOVAR was utilized 
(http://www.openbioinformatics.org/annovar/), using the variant files generated by ANGSD. All 
population genetic measures were calculated with VCFtools (http://vcftools.sourceforge.net), 
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using the variant files generated by ANGSD. All graphs were generated in R (http://www.r-
project.org) with the ggplot2 library (http://ggplot2.org). 
 
 
Figure 32. Transition Frequencies below 0.1 and Ancient DNA Damage. a) Allele frequency of the ancient 
individuals against hg19. Without removing transitions below 0.1, the Transition/Transversion ratio is greatly 
inflated to 7.79 vs. 3.21 when filtered. The ratio is most disrupted below a frequency of 0.1 due to the concentration 
of low frequency ancient DNA damage caused by the pooling of all individuals for allele frequency estimation. b) 
Polyphen2 predictions comparing the filtered and non-filtered ancient dataset. Without filtering, the deleterious 
predictions nearly quadruple due to the concentration of ancient DNA damaged sites.  
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CHAPTER 5 
 
CONCLUSION 	  
Over the preceding millennia before European contact, indigenous populations inhabited nearly 
all ecological zones of the Americas and evolved complex cultures, languages, and civilizations, 
in relative isolation from other continental populations (Thornton, 1998; Mulligan et al., 2004). 
At the same time, genomic features were evolving, as a consequence of demographic factors and 
possible adaptations to local environments. The rapid environmental change that ensued after 
contact, however, devastated indigenous groups—mainly due to the pathogens carried by non-
natives (Boyd, 1999; Patterson and Runge, 2002; Ramenofsky, 2003). These pathogens, which 
had been co-evolving with Eurasian populations for centuries, interacted with indigenous peoples 
adapted to an ancient environment that ceased to exist after their arrival. The results of this 
project is consistent with ancient adaptations, which may have impacted the virulence of diseases 
such as smallpox.  
 
The evolutionary history of the indigenous peoples of the Americas, however, is much more 
expansive than the events which occurred after European contact. This is exemplified by the 
early history of the Pacific Northwest coast. The populations of this region show a dual ancestral 
lineage, with genetic signatures from a primary migration wave from Asia, which reached both 
continents, and that of a subsequent migration with regional impact. A surprising feature of the 
population history, reveled by measuring effective population size, showed evidence of a 
possible population decline that began well before European contact. These factors paint an 
interesting picture regarding changes in genetic diversity through time. It would be far too 
simplistic to think that indigenous populations simply engaged in a continual population 
expansion since the initial peopling. Instead, their history is nuanced by the arrival of peoples 
from subsequent migration waves and discontinuous trends in genetic diversity.  
 
The evolutionary history was significantly impacted after European contact, where the aftermath 
of epidemics, warfare, and displacement resulted in a tremendous loss of genetic diversity 
through massive population declines (Thornton et al., 1991; Patterson and Runge, 2002; 
Ramenofsky, 2003). Theoretical predictions of a population that has undergone such a severe 
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and recent contraction entail deleterious consequences stemming from the accompanied 
increases in homozygosity, on both the individual and population levels (Nei et al., 1975; 
Chakraborty and Nei, 1977). These consequences could limit adaptive ability due to the lack of 
genetic variation, and increase the chances of rare and complex diseases in contemporary 
populations (Chakraborty and Nei, 1977; Bouzat, 2010). And yet, this project shows that the 
observed greatly deviates from the expected. Much like the cultural and spiritual resilience 
demonstrated by many modern indigenous communities, their genomic patterns do not show the 
predicted crippling effects of a population decline (Bouzat, 2010). Instead, their genomes show a 
genetic connectivity with non-native groups, which has increased genetic diversity and mitigated 
the possible “deleterious” effects. Thus, this work helps to illuminate the dynamics of human 
adaptation to new environments, in both the context of isolation and rapid merging of 
populations. It also reflects the genomic aspects of globalization. As human population 
boundaries begin to fade through global integration, so will the boundaries to gene flow, which 
will boost genetic diversity and increase the resilience to future epidemics and environmental 
challenges. 
 
Future Directions  
This work explores the various evolutionary facets of an indigenous population from the 
Americas. While the history of this population has many features that can be considered 
characteristic of other native groups, there are many other features that are not. Migration 
histories, environmental factors, and cultural differences all combine to create distinction in 
genomic patterns. Thus, the scope of the studies presented here should be extended to other 
indigenous groups of the Americas, especially to those that may have encountered distinct 
environmental pressures. The Americas are comprised of both moderate and extreme 
environments, from frozen tundras to tropical rain forests, and its indigenous peoples were able 
to adapt and thrive without limitation (Thornton, 1998; Mulligan et al., 2004).  
 
This raises several questions for future studies. First, if ancient adaptations to the Americas did 
have an impact on the disease outcome with respect to European borne pathogens, were these 
adaptations different in various native groups? Could these adaptations have been different or 
lacking in some groups due to differential environmental factors? Could ancestral migration 
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waves, in terms of their original genetic composition, affect later genomic features in different 
populations? Pathogen loads also vary greatly between ecological zones (Leendertz et al., 2006; 
Karlsson et al., 2014). Perhaps areas in the tropics, which carry different pathogen vectors, may 
have resulted in distinct immune-based adaptations.  
 
The timing of a potential adaptive event is also of interest here. If certain alleles rose to high 
frequency early in the first migration that populated both continents, they may have persisted in 
many native populations at the time of European contact. This could help explain, from a genetic 
perspective, the widespread elevated mortality rates of indigenous groups with respect to 
European-borne disease.  
 
The use of ancient DNA will be key in answering these questions, as it was for this dissertation. 
Combining ancient DNA with modern sampling greatly amplifies the study of complex 
biological processes that govern evolutionary adaptations, by permitting the examination of 
genetic patterns through time. These ancient genetic findings could also be placed into a more 
complex molecular framework utilizing microbiological techniques to determine cellular 
function. By combining population genetics and functional genomics, a richer characterization of 
the evolution of a potential adaptive trait could be achieved. With these future studies, a more 
comprehensive picture can be formed detailing the evolutionary history of these indigenous 
peoples as they populated, adapted, and established civilizations in the Americas, thousands of 
years before the arrival of Europeans.   
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